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1. Scope of this thesis 
Background and purpose 
The purpose of this thesis IS to develop simple, quick and non-InvaSIve 
methods for evaluating biological tissues, hair or skin. 
It is important to know the hair and skin conditions from the points of 
cosmetology, dermatology, and pharmaceutical science. 
The number of customers who subject their hair to repeated chemical 
treatments such as permanent waving and bleaching has been increasing over the years. 
Denaturation of the cuticle layer and hair interior protein can damage hair structure. I - 4 
Customers need an accurate assessment of the conditions of the surface and interior of 
their hair so that they can choose the appropriate restoration or chemical treatment 
agent. For example, in permanent wavIng and bleaching treatments the chemical 
changes In hair are different, like this, the hydrolysis of the amide bonds or the 
severing S-S bonds (R-S-S-R ~ 2R-S03H).4 - 6 There are several evaluation methods 
for monitoring hair surface conditions that are easy to use, such as charge coupled 
device camera (CCD) observation. However, all of the current methods for examining 
hair interior like the tensile test and infrared spectroscopy, are destructive ones. 5 , 6 
Optical computed tomography (OCT) has been developed as a non-destructive image 
analysis method for the hair interior,7 but it cannot evaluate chemical changes such as 
the denaturation of hair protein that is one of the causes of hair damage. There are a 
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few complicated and destructive methods to determine the protein concentration eluted 
from hair. As a convenient method, attenuated total reflection based on fourier 
transform infrared spectroscopy (FTIR-ATR)8 - 11 is available. While FTIR-ATR is easy 
to perform, it is only possible to determine surface hair damage. Many researchers 
have investigated the chemical change of human hair using FTIR-ATR. However, 
FTIR-ATR can penetrate to a depth of about 5 Jlm in spite of the average diameter of 
hair is about 100 Jlm. However, the evaluation methods presently available are very 
complicated and destructive. Therefore, we can't measure the chemical changes of hair 
between the surface and the interior. We developed the simple, quick and 
non-destructive method using near-infrared diffuse reflectance (NIR-DR) spectroscopy 
that allows one to measure and visualize chemical changes in hair. 
On the other hand, for skin, the skin aging is roughly classified into 
physiological aging that occur in every human being along with aging, and photo aging 
caused by ultraviolet (UV) light. Due to the skin aging, changes with time, such as the 
loss of elasticity and the increase in wrinkles occur, which have a great influence on 
the appearance and impression. Such changes with time reflect the physiological 
changes among the skin, in particular, in the epidermis and dermis constituting the skin, 
and for example, shallow wrinkles are greatly influenced by the epidermis and 
papillary layer, whereas deep wrinkles and sagging are greatly influenced by the 
dermis. Thus, in order to keep the skin beautifully, it is very important to judge the 
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conditions such as each thickness of the epidermis and dermis obj ectively and 
quantitatively, which makes it possible to select and use appropriate cosmetics and 
medicine suitable for the skin conditions, or conduct doctor's treatment and the like. In 
general, aging is evaluated from the measured value of, skin elasticity and wrinkles. 
However, it IS very difficult to clarify the cause, such as physiological aging or UV 
light. The invasive method which is biopsy gIves us the information of the cause. 
Invasive method of skin tissue analysis, however, will not be tolerated by many 
customers regardless of the benefits offered. In order to develop more effective beauty 
counseling method for skin, it is one of very important points to know the contribution 
and the quantitative assessment of those two types aging, photo aging and physiological 
aging, on individual consumer's skin. With a precise and simple way to assess aging 
taking place inside the skin that may not yet be visible on the surface, customers will 
be alerted to treatment options earlier when they can make more of a difference. 
Studies on the physical properties of the skin have been conducted using the cutemeter, 
analysis of skin surface or image analysis of skin echogenicity as non-invasive 
h d f . I k' . 12 13 14 H h h d h I" . met 0 s 0 asseSSIng tota s In agIng. ' -. owever, t ese met 0 s ave ImItatIons 
in their ability to distinguish between the two types of aging, and it is very di fficult to 
monitor some chemical changes in the interior skin. Fluorescence measurement IS 
another non-invasive method which has been employed to assess agIng, but few have 
satisfactorily applied this technique to humans. 15 16 FTIR-ATR method is usually used 
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as infrared light. However, only information about the stratum corneum on the surface 
of the skin can be monitored, because the optical permeability of this method is about 
5 /lm. Raman spectroscopy is widely used to study biological samples and, more 
recently, also to study the skin. 17 , 18 It is difficult to be used for general, because it is 
very expensive. We, therefore, attempted to develop a non-invasive NIR-DR method 
which has good permeability for skin agIng. In cosmetic research, N IR-DR 
spectroscopy has previously been used for measuring water content In skin, hair and 
nail or hemoglobin or quantity of reddening (erythemal reaction) of skin. 15 . 16. 19 
However, to our best knowledge, no published research has utilized this technology to 
assess skin agIng. The objective of the present study is to monitor quantitative and 
qualitative variations In collagen in the interior skin and to develop a non-invasive 
method for the assessment that distinguishes the photoaging and physiological aging of 
the human skin. 
In this report, "simple" means that it dose not require any pretreatment before 
N IR measurement, and the non-destructive evaluation indicates that it is possible to 
measure a hair interior and surface and skin condition by only putting an optical fiber 
probe on hair and skin directly. 
Originality and Novelty of this thesis 
Physical changes are effected by structural and chetnical changes. Structural 
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change is often caused by chemical change. Therefore, it IS very important point for 
this study to note "physical changes are caused by chemical changes". NIR-DR 
spectroscopy has high optical permeability and it is possible to evaluate the chemical 
changes. Thus, I think that it is possible to evaluate the physical changes. This point 
has originality and novelty. 
In cosmetic studies, particularly for hair, the measurement of water content, 
evaluation of hair color, and determination of melanin by use of NIR-DR spectroscopy 
have already been developed. 2o - 23 However, there has been Ii ttle research focused on 
chemical changes of substances that include changes in the hair protein. 
Original points are that the evaluation method which is possible to distinguish 
the hair interior and surface condition, photoaging and physiological aging of the 
human skin using NIR-DR spectroscopy and principal component analysis (PCA) were 
developed. 
Summary 
In the results, we have developed simple, quick and non-invasive methods for 
evaluating hair physical properties, hair interior and surface damage conditions, skin 
condition and skin thickness with the particular wavenumber regions of NIR-DR 
spectrum, PCA and partial least squares regression (PLSR). These methods can be also 
applied to in vivo. 
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1) The physical evaluation methods for hair 
Friction 
Twist 
Gloss 
6000 - 5500 & 5060 4500 cm- 1 
7300 6500 & 6000 - 4200 cm- 1 
5300 - 4200 cm- 1 
The correlation coefficients and standard error of calibration of the PLSR 
calibration models for the friction, twist and gloss of hair were calculated to be 0.96 
and 0.023,0.81 and 3.27, and 0.90 and 0.36, respectively. 
2) The evaluation of hair interior and surface damage conditions 
5600 - 4500 cm- 1 
3) The evaluation of skin conditions 
5990 - 5490 & 5000 - 4480 cm- 1 
4) The evaluation of skin thickness 
6939 5990 & 5242 - 4609 cm- I 
Epidermis, dermis and whole skin gave R2cvand SECV values were calculated 
to be 0.77 and 8.2, 0.72 and 21.9, and 0.79 and 25.8, respectively. 
impact of this thesis 
1) The physical evaluation methods for hair 
Since the evaluation time can be shortened considerably, it can contribute 
greatly to the development of hair care agent, shampoo and conditioner etc. 
111175 
It is necessary to evaluate physical properties such as hardness, tensile strength, 
friction and twist for monitoring conditions of hairs, nails, skin, foods, films and 
capsules of medicine that are all made mainly from proteins. These measurements of 
these physical properties are also important for evaluating the efficacy of products. 
2) The evaluation of hair interior and surface damage conditions 
Since the evaluation for the effect of conditioner to the hair can be very easy, it 
can contribute to the development of repair agents with excellent effect. 
3) The evaluation of skin conditions 
It is possible to suggest the Effective prophylaxis. 
It is possible to provide the agents and methods of treatment with excellent 
effect for each degree of damage factor. 
Since this method can evaluate the skin interior condition over the counter, it is 
possible to counseling accurately. 
4) The evaluation of skin thickness 
Since you can find early pathological skin thickening and measure skin 
thickness with this method, it is possible to provide a preventive medicine, position of 
treatment for skin grafting, and effective massage. 
Future 
In this developed NIR-OR method, it IS possible to monitor the changes of 
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structure and quantity of skin interior as the changes of chemical bonding state. The 
NIR-DR method can evaluate the properties from a different perspective from the 
conventional method. These evaluation methods are very useful tool for monitoring 
non-invasively, simply and quickly. Monitoring the conditions of skin and hair by using 
these evaluation methods allow us to capture in detail various aspects of the conditions 
of the skin and hair, to care the skin and hair to keep beautiful, to provide necessary 
information to Medical cosmetic surgery, to use as a counsel tool for providing rapid 
advice and to provide the information of useful medically thickness skin and thickening 
by atopy. However, there are some tasks that must be resolved. One is that I have to 
Improve the accuracy of this developed NIR-DR methods. I think that probe 
configuration has to be study more to control the information into the depth. For 
example, in this method, our fiber probe is a diffuse reflection type. In the probe 100 
each optical fibers are arranged at random for the incident and output light. I think that 
the information into the depth can be controlled with the appropriate distance between 
incident and output optical fiber. And, in this study for skin, a ring of stainless steel of 
1.2mm thickness is attached to the tip of the probe, because the spectrum does not cause 
saturation and the measurement unit is not contaminated (Figure 1). The ring was 
touched to the tissue organization when we measured spectra. However, I have to try 
better material, thickness and other method. The other is that as current subjects for 
practical use, the device is large, the degree of decomposition is not enough, it is not can 
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be monitored the small changes and so on. Recently, the NIR-DR device become smaller 
and smaller and the NIR camera has been developed. Thus, by the accumulation of 
information and the development of the tool, I have always thought that it can be 
commercialized in the near future. 
2. Why is the NIR-DR? - Near-infrared diffuse reflectance spectroscopy 
NIR-DR spectroscopy is a treat such as fluorescence, light emission, absorption 
and reflection of light in the wavelength range of up to 4000 cm- 1 from the 12500 cm- 1 • 
In general, Electronic transition of a substance is present in the area of the 
region from visible to the far ultraviolet, vibrational transitions are infrared region, the 
rotational transitions are in the microwave region. Strong absorption is not observed 
most commonly in the near infrared region. However, vibrational transitions to the 
overtone and the combination tone of weak molecular vibration are observed. The 
transition to overtone and the combination tone IS due to the anharmonicity of 
vibration. The transition observed In the near infrared regIon IS limited to a high 
vibration mode as anharmonicity is relatively large. So, the overtone and the 
combination tone of the vibration mode of the functional group included O-H, C-H and 
N -H in the spectra. 
In general, NIR-DR spectroscopy is a powerful technique with high optical 
permeability of matter and a property that the energy of the photon is not to denature 
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the sample for small compared to the chemical bond. 24 , 25 One advantage of this 
method is that optical fiber probes can be used during measurements. Another is that 
non-invasive examination is possible and little sample pretreatment is needed. NIR-DR 
spectroscopy can be used to monitor information down to about 1 mm from the skin 
surface depending on the kind of the probe. 
Recently, NIR-DR spectroscopy has been well developed as one of the 
non-destructive techniques in the agriculture and food fields, and measurement of 
oxygen saturation of hemoglobin is one of the most successful applications in the 
biomedical applications of N IR-OR spectroscopy.26 - 28 For hair and skin, the 
measurement of water content, evaluation of hair color, and determination of melanin 
by used of NIR-DR spectroscopy have also been developed. 20 , 2 L 29, 30 However, there 
is little research on paying attention to changes in internal protein and measuring the 
damage conditions of human hair. 
3. Applications to non-invasive assessments by the NIR-DR spectroscopy 
4. Applications to the cosmetic field by the NIR-DR spectroscopy 
NIR-DR spectroscopy provides information on such aspects as constituents 
concentration. NIR spectroscopy was first developed in the 1980s by Norris et al. In 
order to analyze agricultural products. 31 In the field of biomedical engineenng, 
measuring oxygen saturation of heiTIoglobin is one of the most successful applications. 32 
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- 37 There also exists great interest in non-invasive blood glucose measurement,38 cancer 
detection,39 body fat measurement,40 and so on although most of them are not yet 
clinically reliable. 22 , 44,45 
NIR-DR spectroscopy has been a powerful technique for water content 
determination and water structure analysis for various kinds of materials for a number of 
reasons.
44 46 One is that in situ and nondestructive analysis is possible. The other is that 
the NIR spectrum is very sensitive to the environment of water molecules. Yet another is 
that NIR analysis is applicable both to samples containing a large amount of water and 
to those having a small amount of water. To data, various kinds of agricultural products, 
foods, fibers, and industrial products have been subj ected to N IR analysis of water. 44 - 46 
However, application of NIR water analysis to animal tissues or medical samples is still 
very rare. 
5. Hair Stucture 
Hair IS composed primarily of proteins. These proteins are of a hard fibrous 
type known as keratin. This is the same kind of protein that makes up the nails and the 
outer layer of skin. Each strand of hair consists of three layers (Figure 2). An 
innermost layer is known as the medulla which is only present in large thick hairs. The 
middle layer is known as the cortex. The cortex provides strength and both the color 
and the texture of hair. The outermost layer is known as the cuticle shown in the figure 
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3. The cuticle is thin and colorless and serves as a protector of the cortex. For example, 
Permanent wave processing produces chemical changes such as the hydrolysis of the 
amide bond (-COONH ~ -COOH + NH 3 ), but does not allow complete reformation of 
the disulfide bond that is severed by the reduction (-S-S- ~ -SH). 47,48 
6. Skin structure 
Figure 4 shows the skin structure. 49 Three layers are existed in the skin the 
epidermis, dermis, and fat layer (also called the subcutaneous layer). Each layer 
performs specific tasks. In this section, we describe the epidermis and dermis that is 
the target of this study. The area of the skin is about 1 m2 that is the same size as a 
tatami mat. 
Epidermis: The epidermis (about 0.2mm) is the outer layer of the skin. It has 
four layers which are stratum corneum, granular layer and basal layer. The outermost 
portion of the epidermis, known as the stratum corneum, contains the moisture of 12 to 
about 21 0/0. The stratum corneum has the important role for undamaged, prevents most 
bacteria, viruses, and other foreign substances from entering the body with keeping the 
moisture. In certain areas of the body that require greater protection, the stratum 
corneum is much thicker (about 40 !-lm). If the stratuln corneum barrier is broken, Such 
as the onset of atopic dermatitis and ichthyosis are caused (Figure 5). 
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Dermis: The dermis (about 2mm), the skin's next layer, is a thick layer of 
fibrous and elastic tissue (made mostly of collagen, elastin, and fibrillin) that gives the 
skin its flexibility and strength. The dermis provides tensile strength and elasticity to 
the skin through an extracellular matrix composed of collagen fibrils, microfibrils, and 
elastic fibers, embedded in proteoglycans. The figure 6 indicates the collagen fibrils 
(a) and elasti c fi bers (b). I f a lot of collagen is made, keloid, growth lines and stretch 
marks will appear on the surface of the skin. It is also known that ultraviolet radiation 
cause abnormal collagen production. 
7. Introduction of Each Chapter 
This thesis is organized into five chapters. Chapter I described that a 
non-destructive, simple and quick method to evaluate the friction, twist and gloss of 
human hair by using near infrared diffuse reflectance (NIR-DR-DR) spectroscopy and 
chemometrics was developed. It is necessary for the method that Partial least squares 
(PLS) regression has been applied to NIR-DR spectra of human hair and mean 
centering (MC), standard normal variant (SNV), and first derivative (1 d) or second 
derivative (2d) are performed to develop calibration models that predict the friction, 
twist and gloss of human hair. The correlation coefficients and standard error of 
calibration of the PLS calibration models for the friction, twist and gloss of hair were 
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calculated to be 0.96 and 0.023,0.81 and 3.27, and 0.90 and 0.36, respectively. 
In chapter 2, this paper reports a non-destructive method for evaluating and 
indicating hair interior and surface damage conditions induced by chemical treatments 
in a simple, rapid, non-destructive manner based on near-infrared (NIR) diffuse 
reflectance (DR) spectroscopy by putting fiber probe on hair. Though there are many 
simple and non-destructive methods for evaluating the hair surface, the existing 
evaluation methods for monitoring chemical changes in the interior proteins are very 
complicated and destructive. Therefore, we have attempted to develop a new 
non-destructive method to evaluate the damage of the hair interior and surface 
simultaneously by uSIng NIR-DR spectroscopy. The key to this study was that the 
combination of N IR-DR spectroscopy and principal component analysis (PCA) were 
applied to development of the evaluation of hair damage and we found the most suitable 
wavenumber region (5060 - 4500 cm- I ) for the evaluation of hair damage. 
Chapter 3 is reported on a near-infrared diffuse reflectance (NIR-DR) 
spectroscopy method for evaluating non-invasively changes taking place inside the skin 
of two kinds of hairless mouse groups, a UVB-irradiated group and a non-irradiated 
group, which are subjected to photoaging and chronological aging, respectively in order 
to explore the possibility of developing evaluation methods for human skin. Photoaging 
and chronological aging are heavily involved in the skin changes that occur as we get 
older; wrinkles or sagging skin, for example. There are several non-invasive methods 
191175 
currently available for assessIng total skin agIng that examIne physical properties of 
skin, but a novel approach is needed for more precise measurement of each type of aging 
inside the skin. NIR-DR spectroscopy in the 5990 - 5490 cm- 1 and 5000 - 4480 cm- 1 
regions and PCA may allow us the non-invasive assessment for the degree of photo aging 
and chronological aging as degeneration of elasticity in collagen protein and 
degradation of protein quantity, respectively. 
Chapter 4 reports that we proposed a combined near-infrared diffuse reflectance 
(NIR-DR) spectroscopy and principal component analysis (PCA) method of assessment 
for the degree of photo aging and physiological aging of human skin. In our previous 
paper we proposed a near-infrared diffuse reflectance (NIR-DR) spectroscopy method 
for evaluating non-invasively changes taking place inside the skin of two kinds of 
hairless mouse groups, a UVB-irradiated group and a non-irradiated group, which are 
subjected to photoaging and physiological aging, respectively. The important point of 
the present study is to explore the possibility of applying the proposed evaluation 
method using the combined NIR-DR spectroscopy-PCA to human skin. In mouse skin 
and human skin, while their organizations are similar, there are also quite different parts. 
It is COlnmon sense that the mouse and human skins are largely di fferent in 
dermatology.14 The most significant difference between the previous experiments using 
mouse skin and the present experiments using human skin is that we employed artificial 
UV-irradiation in the previous experiments but in the present experiments we just relied 
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on natural UV light from the sun. This study demonstrates that for the human skin, 
N IR-DR spectroscopy and PCA may allow us the non-invasive assessment for the degree 
of photo aging and physiological aging as degeneration of elasticity in proteins and 
degradation of protein quantity, respectively. 
In chapter 5, a non-invasive method for estimating skin thickness by uSIng 
near-infrared diffuse reflectance (NIR-DR) spectroscopy is reported. Skin thickness is 
significantly different between face and body parts and changes with agIng and 
environment factors and the difference of the skin thickness reflects structural 
conditions of epidermis and dermis. Thus, skin thickness is one of important skin 
properties from the points of cosmetology, dermatology, and pharmaceutical SCIence. 
However, current methods for measuring the skin thickness are complicated and need 
big devices. Therefore, we propose a near-infrared (NIR) diffuse reflection (DR) and 
partial least squares (PLS) regression method for non-destructive skin thickness 
estimation by uSIng UV light-irradiated and non-irradiated skins of backs of hairless 
mice and those denuded from the back. After examining the whole region and selected 
regions, the 6939-5990 and 5242-4609 cm-l regions where bands due to amide groups of 
proteins appear gave the best and SEV (Standard Error of Validation) results. The results 
of loadings plots have revealed that wavenumbers contributing to the prediction of skin 
thickness are different between the epidermis and dermis. 
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Fig. 1. State of in vivo measurements using a NIR system. 
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The cortex 
The hair CUL~..II[~" 
The medulla 
50~m 
Fig. 2. SEM observation of the hair. 
10~m 
Fig. 3. SEM observation of the cuticles. 
The epidermis 
The dermis 
The fat layer 
Fig. 4 . The structure of the human skin. 
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(a) (b) 
Fig. 5. The example of atopic dermatitis (a) and ichthyosis (b). 
(皮膚病アトラス:南山堂)
(a) (b) 
Fig. 6. The collagen fibrils (a) and elastic fibers (b). 
(皮膚の健康科学 南山堂 1994年)
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Chapter 1 
Evaluation of Physical Properties of Human Hair by Diffuse 
Reflectance N ear-infrared Spectroscopy 
301175 
ABSTRACT 
The obj ective of the present study is to develop a novel non-destructive, simple and 
quick method to evaluate the friction, twist and gloss of human hair based on 
near-infrared diffuse reflectance (NIR-DR) spectroscopy and chemometrics. NIR-DR 
spectra were measured for human hair which were collected from eleven Japanese 
women (age 5-44 years) by use of an optical fiber probe. Partial least squares 
regression (PLSR) has been applied to the NIR-DR spectra of human hair after mean 
centering (MC), standard normal variant (SNV), and first derivative or second 
derivative to develop calibration models that predict the friction, twist and gloss of 
human hair. We identified the most suitable wavenumber region for the evaluation of 
each physical property. Correlation coefficients and standard error of calibrations 
(SEC) of the PLSR calibration models for the friction, twist and gloss of hair were 
calculated to be 0.96 and 0.023, 0.81 and 3.27, and 0.90 and 0.36, respectively. Thus, 
the calibration models have high accuracy. 
Key words: Near-infrared spectroscopy; Diffuse reflectance; Hair; Partial least square 
regression (PLSR); Chemometrics; Friction; Twist; Gloss 
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INTRODUCTION 
It IS of much importance to evaluate physical properties such as hardness, 
tensile strength, friction and twist In order to monitor the conditions of hair, nails, 
skins, foods and capsules, all of which are largely composed of proteins. 1 
Measurements of these physical properties are also important for evaluating product 
efficacy. Changes in physical properties of proteins are caused by their chemical 
changes. Thus, it should be possible to monitor the variations in physical properties 
using vibrational spectroscopy that is sensitive to chemical as well as physical changes 
of molecules. 
The number of individuals subjecting their hair to repeated chemical treatments, 
such as permanent waving and bleaching, has increased in recent years. Denaturation 
of the cuticle layers and interior hair proteins can damage hair structure. 2, 3 Such 
individuals thus require accurate assessment of the conditions of the hair surface and 
interior in order to select the treatment agents. For example, in permanent waving and 
bleaching treatments, the chemical changes in hair are different, i.e., hydrolysis of 
amide bonds or severing S-S bonds (R-S-S-R ~ 2R-S03H).4 6 In order to develop 
effective cosmetic products for hair, it is necessary to accurately evaluate surface and 
interior damages. However, current methods for examining hair conditions are complex 
and destructive. At present, a friction tester is used to evaluate hair surface changes, 
while other methods examine tensile strength and twist. 7 9 Therefore, there is a strong 
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need to evaluate the physical properties of hair in a simple, quick and nondestructive 
manner. 
Recently, NIR-DR spectroscopy has been developed as a non-destructive 
technique In agriculture, biomedical SCIences and other fields. Non-invasive 
measurement of oxygen saturation In human brain IS one of the most successful 
biomedical applications of NIR-DR spectroscopy.IO 13 For hair, nails and skin, for 
example, NIR-DR prediction of water content, evaluation of hair color and 
determination of melanin were reported. 14 - 17 However, little research has focused on 
changes of physical properties in human hair. 
Attenuated total reflection infrared spectroscopy (ATR-IR) is another, more 
convenient method for measunng proteins in situ; for example, the ATR-IR 
determination of the cysteic acid content In hair damaged by exposure to UV lights, 
dry heat and chemical treatments and the ATR- IR imaging of a hair were reported. 18 -21 
While ATR-IR is easy to use, for hair one can use it only to determine surface hair 
damages. Many research groups have investigated chemical changes in human hair 
using ATR-IR.18, 19 However, ATR-IR lights can only penetrate to a depth of about 5 
Jlm, while the average diameter of human hair is about 100 Jlm. Therefore, the method 
cannot be used to measure chemical changes in the interior hair. 
In the present study, we have thus developed a new method for measunng 
physical properties of hair based on NIR-DR spectroscopy and multivariate analysis. 
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We also investigated whether the calibration models were applicable to in vivo samples 
from two Japanese women. 
The new method is simple, quick and non-destructive for evaluating hair 
physical properties such as friction, gloss and twist. The proposed method can also be 
applied to the measurements of physical properties of other protein-based materials 
such as nails, skins, foods, and capsules. 
EXPERIMENTAL 
Samples 
The hair samples used were collected from eleven Japanese women (age 5-44 
years). The samples had not been subjected to any chemical treatments. They were tied 
into bundles by "Parafilm M" (American National Can, USA) with a diameter of 7-8 
mm after permanent waving or bleaching. The conditions for the permanent waving 
and bleaching are described below. The treated bundles were washed with sufficient 
running water, dried at 40°C, and left standing for 24 hours at 20 °C and 50% relative 
humidity. The following treatment conditions, which are severer than normal 
conditions, were used in order to prepare the damage models. The samples were 
prepared as follows. (1) Control samples: no chemical treatment, washed with water 
and dried only. (2) Samples with permanent wavIng: the permanent wavIng was 
performed In the conventional manner USIng ammonIum thioglycolate as a reducing 
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agent and sodium bromate as an oxidizing agent. Two levels of damaged hair were 
produced using the reducing agent at concentrations of 5 and 10%. (3) Samples with 
bleaching: the bleaching was performed using a bleaching agent containing 30/0 
hydrogen peroxide and 3% ammonia for 30 minutes. Two levels of damaged hair were 
produced by bleaching once or three times. 
N ear-Infrared Diffuse Reflectance Spectroscopy 
NIR-DR spectra in the 8000-4000 cm -I regIon were measured for the hair 
samples at an 8 cm- 1 spectral resolution with a FT-NIR spectrometer "IFS28/N" 
(Bruker Optics, Ettlingen, German) using an optical fiber probe at 20°C. As shown 
in Fig. 1, the optical fiber probe was directly put on the hair samples. Thus, it was 
important to put the probe on the tied hair bundles. For each measurement, the samples 
were placed on Teflon, and the spectra were measured at five points with 32 scans. 
N IR-DR measurements had been carried out before the physical properties tests were 
completed. 
Measurement of friction, twist and gloss 
Figure 2 depicts sample preparation for friction, twist and gloss testing of 
human hair. For the friction test samples, 15 strands of hair from the shaft were 
counted, and each strand was fixed to the test plate after matching the hairs to the same 
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directions from root to tip. Hair bundles of about 7 mm in diameter were prepared for 
the gloss test samples. For the preparation of the twist test samples, 30 strands of hair 
from the shaft were counted, and after the direction of the hairs were matched, these 
were fixed to the test tool. Friction tests were made by use of a KES-SE friction tester 
(Kato Tech.). Gloss tests were performed using a VG-2000 gloss meter (Nippon 
Denshoku).22 Twist tests were carried out employing a KES- YN-I torsion and 
intersecting torque tester (modified: Kato Tech). 
Data analysis 
The measured NIR-DR spectra were imported into Pirouette (version 3.11, Info 
Metrix, Bothell, USA) for data analysis. PLSR was used to develop calibration models 
that predict the friction, twist and gloss of the hair. 23 - 25 Because the sample collection 
was not easy, the predictive performance of the calibration models was estimated by 
the cross-validation procedure. Pretreatment of original NIR-DR spectra was 
performed using Me, SNV, and first derivative or second derivatives. 
RESULTS AND DISCUSSION 
Figure 3 shows (a) NIR-DR spectra in the 8000-4000 cm- 1 region of human hair, 
and (b) their first and (c) second deri vati ve spectra. The spectra in the 6000-5500, 
5500-5060 and 5060-4500 cm- 1 regions are almost identical to the spectra of proteins 
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in a solid state containing a small amount of water. 26 27 Medium absorptions near 5900 
and 5750 cm- I are assigned to the first overtones and combination modes of CH 3 and 
CH 2 stretching modes of keratin in hair. A strong feature near 5250 cm- I is assigned to 
the OH combination mode of water, while that near 4900 cm- 1 is due to the amide 
combination mode in keratin. As the wavenumber regIons which yield the highest 
correlation coefficients to the physical properties, we selected the 5060-4500 cm- I 
region where several peaks due to the amide combination modes of keratin appear and 
the 6200-5500 cm- I , 4800-4500 cm- 1 and 4500-4100 cm- 1 regions where some peaks 
affected by the severing of S-S bonds (R-S-S-R ~ 2R-S0 3 H)4-6 show clear differences 
between cystine and cysteic acid (Fig. 4). When the PLS regression analysis was 
conducted on the NIR-DR spectra, we explored vanous combinations of the 
preprocessings and wavenumber regIons to identify the conditions with the highest 
correlation between each physical property and N IR-DR spectra. 
Friction 
There are regularly arranged cuticles on the surface of human hair. Friction 
testing IS one of the methods used to monitor the surface of human hair, as friction 
properties are affected by changes in the cuticles. 28 Because the cuticles are composed 
of hard keratin that has numerous disulfide linkages, NIR-DR bands associated with 
the friction properties may be due to the vibrations of thiols (-SH) and amide groups. 
371175 
We initially suspected that the useful wavenumber regions would be those with bands 
arising from thiols or sulphonic acids, which are synthesized by oxidation or reduction 
of cystine in the cuticles, and amide groups. Figure 5 shows a PLSR calibration model 
for the friction developed using the original spectra in the 8000-4000 cm -I region. The 
results show a very low correlation coefficient of 0.62, with SEC and standard error of 
prediction (SEP) being 0.060 and 0.060, respectively. Of all the wavenumber regions 
and their combinations investigated, the region exhibiting the highest correlation to 
friction was the combination of the 6000-5500 and 5060-4500 cm- I regions. In other 
words, the combination of these regions capturing the changes in the disulfide linkages 
and amide bonds exhibited the highest correlation with friction. Figure 6 shows a 
PLSR calibration model for predicting the friction of the hair developed uSIng the 
original spectra in the 6000-5500 and 5060-4500 cm- I regions after the MC, SNV and 
2d treatment. The PLS model thus developed showed a correlation coefficient of 0.96, 
with SEC and SEP being 0.023 and 0.022, respectively. 
Figure 7 shows a loadings plot of regression coefficients for the model shown 
in Fig. 6 and the second derivatives of NIR-DR spectra of keratin and L-cysteic acid 
(anhydrous) in the solid states. Combination bands including the N-H stretching and 
different amide modes are found as the strongest peaks near 4900 and 4600 cm- I in the 
plot. 29 They are due to the combination of amide A and amide II and that of amide B 
and amide II , respectively_ 27 [t is noted that the intensity of the band near 4600 cm -I in 
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the keratin spectrum is weaker than that in the L-cysteic acid spectrum. Bands arising 
from the first overtones and combinations of C-H stretching modes are located at 5830 
and 5680 cm -I. As suspected, the peaks corresponding to severing the S-S bonds and 
amide bonds are most closely related to friction. 
Gloss 
In permanent wave treatments, reducing agents cause sevenng of disulfide 
linkages in the cuticles on the hair surface. The surface of hair then exhibits 
hydrophilic properties due to production of cysteine. Thus, the gloss value is 
influenced by the surface conditions and water content among individual hair strands. 
Because the numerical value of glossiness IS markedly influenced by hair color, 
bleached hair bundles were not used In this experiment; only permanent-waved hair 
bundles were employed. Gloss is a physical property influenced by surface changes 
such as cuticle damages. It was suspected that permanent waving would most strongly 
affect changes in amide bonds and water adsorption due to hydrophilization of the 
surface cuticle layer. Initially, a PLSR calibration model was developed for gloss based 
on the original NIR-DR spectra in the 8000-4000 cm- I region. The results confirmed a 
very low correlation coefficient of 0.53, with SEC and SEP being 0.97 and 0.96, 
respectively. Among all the wavenumber regions and their combinations investigated, 
the region of 5300-4200 cm- 1 showed the highest correlation to gloss. Figure 8 presents 
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a PLS regression calibration model for predicting the gloss of the hair developed using 
the original spectra in the 5300-4200 cm- 1 region after the MC, SNV and second 
derivative treatment. The best PLS model obtained for gloss revealed a correlation 
coefficient of 0.90, with SEC and SEP being 0.36 and 0.32, respectively. 
Figure 9 depicts a loadings plot of regression coefficients for the model shown 
in Fig. 8 and the NIR-DR spectra of keratin. The strongest downward peak at near 4900 
cm- I reflects the combination mode of amide A and amide II .27 
Twist 
One of the factors exacerbating the formation of split ends is fracture In the 
interior under tensile stress during comb-out. 9 Common techniques to monitor the 
interior conditions are based on tensile strength and twist strength. Robbins and 
Crawford showed that the tensile properties of human hair are due pnmary to the 
cortex. I A new type of torsional testing (twist) has been developed to measure the 
torsional properties of single fibers and yarns wi th high accuracy.8 In this study, the 
interior of hair was monitored using the twist test. The torsional rigidity of hair fibers 
is related to the surface and inner structure. It was considered that twist would be most 
strongly correlated to changes in amide bonds and water absorbed by hydrophilic areas 
due to oxidation and reduction of surface cystine. We carried out PLSR for twist using 
the NIR-DR spectra in the 8000-4000 cm- l region. A very low correlation coefficient of 
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0.37, with SEC and SEP being 8.84 and 8.83, respectively was obtained. The NIR-DR 
frequency regions exhibiting the highest correlation to twist measurements were those 
of 7300-6500 and 6000-4200 cm- l . Figure 10 shows a PLS regression calibration model 
for the gloss developed using the original spectra in the 7300-6500 and 6000-4200 cm- I 
regions after the MC, SNV and first derivative treatment. The PLS model thus obtained 
yields a correlation coefficient of 0.81, with SEC and SEP being 3.27 and 5.56, 
respecti vel y. 
Figure 11 depicts a loadings plot of regression coefficients for the model shown 
in Figure 10 and the NIR-DR spectra of keratin. Combination bands arising from the 
N-H stretching and different amide modes are found as the strongest bands near 4900 
and 4600 cm- I in the plot. 29 A band due to the combination of the O-H antisymmetric 
and symmetric stretching modes of water is found at near 7000 cm- 1, whereas that of 
0-H stretching and bending modes accounts for an absorption at near 5200 cm -1.29 In 
fact, it is suggested that the twist is most strongly correlated to changes in surface and 
interior proteins and water content among individual hair strands. 
In vivo application 
NIR-DR spectra in the wavenumber region of 7300-4200 cm- 1 were measured 
for the hair of two Japanese women in order to cover the specific NIR-DR regions for 
the three physical properties (friction, gloss and twist). Table 1 shows the predicted 
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and actual values of friction, gloss and twist. The predicated and actual values were 
similar, thus confirming the validity of the present model. 
CONCLUSIONS 
The present study has clearly demonstrated that the use of N IR-DR 
spectroscopy and PLS regression can predict the physical values of friction, gloss and 
twist of human hair. Based on these results, we have identified the specific 
wavenumber regions for the prediction of friction, gloss and twist. The wavenumber 
regions selected are assoicated with chemical changes, such as the hydrolysis of the 
amide bonds, severing of the S-S bond and OH groups. The following conclusions can 
be drawn from the present study. 
I) Friction properties are affected by changes in the cuticles. The wavenumber regions 
exhibiting the highest correlation to friction are the 6000-5000 and 5060-4500 cm- 1 
regions. The combination of these regions capturing the changes in the disulfide 
linkages and amide bonds exhibited the highest correlation with friction. The PLS 
model thus developed showed a correlation coefficient of 0.96, with SEC and SEP 
being 0.023 and 0.022, respectively. 
2) The wavenumber region exhibiting the highest correlation to gloss is the 5300-4200 
cm-
1 
region. The peaks near 4880 cm- 1 especially, those for the amide bonds are 
most closely related to gloss. A correlation coefficient of 0.90, with SEC and SEP 
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being 0.36 and 0.32 was obtained for the PLS model. 
3) For twist value, chemical changes in amide bonds and OH groups are important. 
The wavenumber regions exhibiting the highest correlation to twist measurements 
are the 7300-6500 and 6000-4200 cm- 1 regions. The chemometrics analysis of the 
NIR data yielded a correlation coefficient of 0.81, with SEC and SEP being 3.27 
and 5.56, respectively. 
The PLS calibration models for the three physical properties developed using NIR-DR 
spectra have shown very high levels of correlation, ranging from 0.81 to 0.96. Thus, 
the present study has revealed that NIR-DR spectroscopy is a powerful nondestructive 
technique for monitoring the physical properties of hair. 
We have applied the present models to two subj ects in vivo, and the predicted 
values are close to the measured values, thus confirming that these models were 
appropriate. The results of the present study suggest that NIR-DR is able to measure 
the physical properties of hair in a convenient, simple, rapid and non-destructive 
manner. The present technique allows simple measurement of the physical properties 
of hair, and in the future, it will be possible to quickly and simultaneously measure 
several physical properties. 
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FIGURE CAPTIONS 
Fig. 1. The optical fiber probe setup used for N IR-DR spectra measurement of human 
hair 
Fig. 2. Sample preparation for: a, friction test; b, gloss test; and c, twist test. 
Fig. 3. NIR-DR spectra in the 8000-4000 cm- 1 region of hair samples: a, original 
spectra; b, 1 st derivative spectra; c, 2nd derivative spectra. 
Fig. 4. NIR second derivative spectra of cystine and cysteic acid in the 8000-4000 cm- I 
regIon. 
Fig. 5. P LS regression calibration models for predicting friction (8000-4000 cm -I) 
Control; 0: Permanent waving 5%; e: 1 0%; ~: Bleaching once; A: 3 times. 
Fig. 6. PLS regression calibration models for predicting friction (6000-5500 & 
5060-4500 cm- I ) 0: Control; 0: Permanent waving 5%; e: 10%;~: Bleaching once; A: 
3 times. 
Fig. 7. Regression coefficients for factor 1 in the model predicting friction and 
NIR-DR spectra of keratin and L-cysteic acid (6000-5500 & 5060-4500 cm- I ) 
Fig. 8. PLS regression calibration models for predicting gloss (5300-4200 cm- I ) 
Control; 0: Permanent waving 50/0; e: 10% 
Fig. 9. Regression coefficients for factor in the model predicting gloss and N IR- DR 
spectrum of keratin (5300-4200 cm- I ) 
Fig. 10. PLS regression calibration models for predicting twist (7300-6500 & 
6000-4200 cm- I ) : Control; 0: Permanent waving 5%; e: 10%;~: Bleaching once; A: 
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3 times. 
Fig. 11. Regression coefficients for factor 1 in the model predicting twist and NIR-DR 
spectrum of keratin (7300-6500 & 6000-4200 cm- 1) 
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Table I. The Predicted versus Actual Values of Friction, Gloss and 
Twist of hair. 
Wavenumber Predict I Actual Physical Properties of Hair Subject 
-1 Value I Value region (cm ) 
Friction 1 
6000-5500 & 0.4~_~~0=-±~ 
2 5060-4500 0.37 I 0.36 
Gross 1 5300-4200 4.61 ! 4.50 
2 5.25 5.28 
Twist 1 
7300-6500 & 33.98 33.81 
2 6000-4200 25.80 25.69 
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Fig. 1. The optical fiber probe setup used for 
NIR-DR spectra measurement of human hair. 
501175 
/ Hair 
Roo~L----------~ 
Root -------.~ Ti 15 strands of 
(b) 
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c:!) 
30 strands of 
Fixed 
Fig. 2. Sample preparation for: a, friction test; b, gloss test; and c, 
twist test. 
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Fig. 5. PLS regression calibration model for predicting the friction of hair 
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Chapter 2 
A Non-Destructive Method for Assessing Hair Interior and Surface 
Damage by Near Infrared Spectroscopy 
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ABSTRACT 
This paper reports a non-destructive method for evaluating hair interior and surface 
damage based on NIR-DR spectroscopy. It is important to know the extent of chemical 
damage in the interior and surface proteins of the hair in order to choose an appropriate 
restoration agent or chemical treatment. Unfortunately, though there are many simple 
and non-destructive methods for evaluating the hair surface, the existing evaluation 
methods for monitoring chemical changes in the interior proteins are very complicated 
and destructive. Therefore, we have attempted to develop a new non-destructive 
method to evaluate the damage of the hair interior and surface simultaneously by using 
NIR-DR spectroscopy. The key to this study was the combined application of N IR-DR 
spectroscopy and principal component analysis (peA) to development of a method for 
the evaluation of hair damage and finding the most suitable wavenumber region (5060 
- 4500 cm- 1) for the evaluation. In this study, we developed a new evaluation method 
that can indicate hair interior and surface damage conditions induced by chemical 
treatments in a simple, rapid, non-destructive manner based on NIR-DR spectroscopy 
by putting fiber probe on hair. 
Key Words: non-destructive analysis, hair, health conditions, near-infrared 
spectroscopy, chemical treatment, permanent waving, bleaching, chemical damage, 
principal component analysis, multivariate analysis 
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INTRODUCTION 
The number of customers who subject their hair to repeated chemical 
treatments such as permanent waving and bleaching has been increasing over the years. 
Denaturation of the cuticle layer and hair interior protein can damage hair structure. l - 4. 
A variety of new hair treatment products have been introduced into the market and 
increasing attention is being paid to the "health (wellness) management" of hair. 
Customers need an accurate assessment of the conditions of the surface and interior of 
their hair so that they can choose the appropriate restoration or chemical treatment 
agent. 
There are several evaluation methods for monitoring hair surface conditions that 
are easy to use, such as charge coupled device (CCD) camera observation. However, all 
of the current methods for examining hair interior like the tensile test and infrared 
spectroscopy are destructive. 5, 6 Optical computed tomography (OCT) has been 
developed as a non-destructive image analysis method for the hair interior,7 but it 
cannot evaluate chemical changes such as the denaturation of hair protein that is one of 
the causes of hair damage. There are a few complicated and destructive methods to 
determ ine the protein concentration eluted from hair. 2 We have developed a new 
non-destructive method for evaluating hair interior and surface damage conditions 
using N IR-DR spectroscopy that can extract chemical information non-destructively. 
The Fourier transform infrared attenuated total reflection (FTIR-ATR) method is 
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usually used as an infrared light method. However, only information about the stratum 
corneum on the surface of the skin can be monitored because the optical permeability 
of this method is about 5 Jlm. On the other hand, N IR-DR spectroscopy can be used to 
monitor information down to about 1 mm from the skin surface depending on the kinds 
of the probes. In general, N IR-DR spectroscopy is a powerful technique with high 
optical permeability to matters. 8 , 9 One advantage of this method is that optical fiber 
probes can be used during measurements. Another is that non-destructive examination 
is possible and little sample pretreatment is needed. In cosmetic studies, particularly 
for hair, the measurement of water content, evaluation of hair color, and determination 
of melanin by use of N IR spectroscopy have already been developed. I 0 - 13 However, 
there has been little research focused on chemical changes of substances that include 
changes in the hair protein. 
The objective of this study was to develop a simple, quick and non-destructive 
evaluation method for monitoring simultaneously the chemical damage in the hair 
interior and surface protein simultaneously caused by some chemical treatments. In this 
report, "simple" means that it dose not require any pretreatment before NIR 
measurement, and the non-destructive evaluation indicates that it is possible to measure 
a hair interior and surface condition just by putting an optical fiber probe directly on 
hair. 
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EXPERIMENTAL 
Reagents 
Keratin was purchased from Tokyo Chemical Industry Co. (Tokyo, Japan). 
L-( - )-cystine and L-cysteic acid were obtained from Wako Pure Chemicals Co. (Osaka, 
Japan). 
Preparation of interior and surface damage models of human hair 
Hair samples were collected from twelve Japanese women who had not 
undergone any chemical treatment, and hair bundles of 7 -8 mm in diameter were made 
from these samples. To prepare interior damage models of hair, the bundles were 
treated with a reducing agent. Surface damage models of hair were obtained by 
bleaching the hair samples. The conditions of the permanent waving and bleaching are 
described below. The treated bundles were washed with sufficient running water, dried 
at 40°C, and left standing for 24 hours at 20 °C and 50% relative humidity. The 
following treatment conditions, which are more severe than normal conditions, were 
used to prepare the interior damage models and the surface damage models. The 
samples were prepared as follows: (1) control sample: no chemical treatment, washed 
with water only, (2) interior damage models: made in the conventional manner using 
sodium bromate as an oxidizing agent and ammonium thioglycolate as a reducing agent 
(two levels of the damaged hair produced using the reducing agent at concentrations of 
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5 and 100/0, respectively), (3) surface damage models: made using a bleaching agent 
containing 30/0 hydrogen peroxide and 3% ammonia for 30 minutes (two levels of the 
damaged hair produced by bleaching once or three times), (4) compound hair damage 
models of the interior and surface [bleaching after permanent waving (P+B)]: first 
subjected to permanent waving and then bleaching, (5) compound hair damage models 
of the surface and interior [permanent waving after bleaching (B+P)]: first subjected to 
bleaching and then treated with the permanent waving agent. 
Measurement technique of verification of the interior and surface hair damage 
models 
i. instrumentations of verification of the interior damage models 
A Fourier Transform Infrared (FT-IR) microscopic examination and a 
determination of protein concentration in chemical treatment liquids eluted from hair 
were used for verification of the interior damage models. 2 
For the FT-IR microscopy, hair samples with a thickness of about 5 ~m were 
prepared by cutting hair bundles. IR spectra in the 4000 - 700 cm- 1 region were 
measured on a cross-section of the hair samples at a 8 cm- 1 spectral resolution with a 
JASCO FT-IR 4100 (JASCO, Tokyo, Japan) using a microscope (lRT-3000, JASCO, 
Tokyo, Japan) with a 5 by 5 ~m microscope aperture at 25°C. 
The protein concentration in the chemical treatment liquids eluted from hair 
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was measured by the following method. Untreated hair samples were cut into lengths 
of 1-2 cm and weighed at 0.2 g. Each of them was processed by permanent waving 
(10%, 5 mL) or bleaching (3 times, 5 mL). The reducing solutions for permanent 
waving and bleaching were filtered through a membrane (0.45 Jlm) to remove the hair 
parts. A control sample was similarly processed by soaking in water. The protein 
concentrations of these samples were determined using the Bradford dye-binding 
procedure (the protein assay kit, BioRad, Hercules, Canada). 
2. Instrumentations of verification of the surface damage models 
A FTIR-ATR and a scanning electron microscopic (SEM) were used for 
verification of the surface damage models. 
FTIR-ATR spectra in the 4000 - 700 cm- 1 region were measured on the hair 
samples at a 4 cm- l spectral resolution with a Shimadzu FT-IR 8300 (Shimadzu, 
Odawara, Japan) using a diamond cell. 
SEM measurements were performed on a Hitachi S-570 (Hitachi, Tokyo, Japan) 
after attaching the hair samples to stubs using double-sided tape and sputtering with 
gold. 
NIR-DR instrumentation, measurement technique, and data analysis 
NIR-DR spectra in the 8000 4000 cm- 1 region were measured on the hair 
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bundle samples in situ at an 8 cm- 1 spectral resolution with a Bruker FT-NIR 
spectrometer (IFS28/N, Bruker Optics, Ettlingen, Germany) using a fiber probe at 
20°C. The NIR-DR spectra of the hair bundle samples showed two prominent peaks at 
6900cm- 1 and 5180cm- 1 due to water absorbance. The intensities of other peaks are 
much lower than those of the two peaks. It was very difficult to monitor spectral 
changes including peak intensity changes and peak shifts by a single comparison 
between the NIR-DR spectra of a subject. Thus, the results are commonly discussed 
objectively after subjecting the NIR-DR spectra to a multivariate analysis such as 
principal component analysis. The second and first derivative treatments may be 
processed to enhance the change between NIR-DR spectra obtained. In this study, 
Pirouette (version 3.11, Info Metrix, Bothell, USA) was used as the multivariate 
analysis software for the pretreatment and transformation of NIR-DR spectra obtained. 
A score plot and a loading plot were obtained after subj ecting the data to multivariate 
analysis. A principal component analysis score plot showed that projecting the points 
transferred from the NIR-DR spectra as two-dimensional data along the PC 1 and PC2 
axes reflected the distri bution of points most efficiently. In other words, the score plot 
is the plot that is calculated only from the original NIR-DR spectral information and is 
plotted as two-dimensional data. A loading plot showed which peaks of the N IR-DR 
spectra best reflect the distribution of the plotted points in the score plot along the PC 1 
or PC2 axis. 
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RESULTS AND DISCUSSION 
Verification of the interior and surface damage models of hair 
It was clear that each damage model prepared in the present study is 
appropriate as the interior and surface damage models. The results of verification of 
the interior and surface damage models are described below. 
1. Verziication of the interior damage models 
1.1. Results of FT-JR microscopic examination 
The original FT-IR microscopic spectra of the section of the control, interior 
and damage models in the 1700 - 900 cm- I region are shown in Figure 1. The peaks of 
Amide I(about 1646 cm- I ) and Amide II(about 1545 cm- I ) which are the strongest in the 
spectra, were used because Amide land Amide Ilare commonly used for deriving the 
secondary structure of protein. We analyzed the changes in the ratio of the peak 
intensities of Amide I. The results are shown in Figure 2. In this figure, the ratio of the 
peak intensities of Amide Ito Amide IIdecreases as the color becomes blue. The ratio of 
the peak intensities in the interior damage models decreases more significantly than in 
the control and surface damage models. Denaturation of hair interior amide bonds was 
clearly observed in the interior damage models. 
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1.2. Determination of protein concentration in chemical treatment solution eluted 
from the hair interior 
We determined hair protein concentration in the chemical treating solution 
eluted from the hair interior. The protein concentration was found to be 1.94 ± 0.33 
mg/g hair in the interior damage models of hair (100/0), and 0.11 ± 0.03 mg/g hair in the 
surface damage models of hair (three times). No protein was detected in the control. 
This result is similar to the report by Inoue et at. where proteins such as ubiquitin were 
eluted by permanent wave processing 1,2 and suggests that protein is eluted due to the 
collapsing structure of the hair interior protein in the interior damage model. Therefore, 
it was verified that the models were appropriate as the interior damage models. 
2. Verification of the surface damage models 
2.1. Results of FTIR-ATR examination 
Because the optical permeability of FTIR-ATR is about 5 ~m, it is the best 
method for monitoring chemical changes in the surface of hair which is about 1 00 ~m 
in average diameter. The original FTIR-ATR spectra of the hair surface in the 1700 -
900 cm -I region are shown in Figure 3. There is no significant difference between the 
spectrum of the control and that of the interior damage models of hair. On the other 
hand, there are remarkable differences in the peaks around 1180 and 1045 cm- I between 
the spectrum of the control and that of the surface damage models of hair. I These 
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peaks are assigned to the S=O stretching mode of cysteic acid that is derived from the 
oxidation of cystine. In the surface damage models, denaturation of the cuticle layer 
that includes many cystine and cysteic acid moieties was monitored. Therefore, it was 
veri fied that the models were appropriate as the surface damage models. 
2.2. Verification by SEM measurements 
The SEM images of a control hair sample and those with the interior damage 
model and the surface damage model are shown in Figure 4. Cuticle damage was 
clearly observed in the surface damage model. However, no change in the cuticle was 
observed in the interior damage model and no significant difference was seen between 
the hair of the interior damage model and the control sample in the SEM image. 
Development of a new evaluation method by NIR-DR spectroscopy and principal 
component analysis 
The original NIR-DR spectra of the control as well as the interior and surface 
hair damage models in the 8000 - 4000 cm- 1 region are shown in Figure 5. Two of the 
most prominent peaks were due to water absorbance in the N IR-DR spectrum. The first 
O-H stretch overtone is found at 6900cm- 1, whereas combinations of the O-H stretch and 
bend mode account for the absorbance at 5180cm- 1 • Combination bands including N-H 
stretch and different amide modes are found at about 4880cm- 1 and 4590cm- 1. 15 
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The score plots obtained after subjecting the original NIR-DR spectra of all 
models to principal component analysis are shown in Figure 6. Though there are five 
treatment groups that include a control, the interior damage models (5%, 10%) and the 
surface damage models (once, three ti mes), the groups are partially overlapped. 
Because during principal component analysis of the NIR-DR spectra in the 8000 - 4000 
cm-
1 
region, spectral noise which was not needed to monitor the chemical changes in 
the hair protein and moisture content mix in the score plots. This means that selection 
of the wavenumber is necessary. In order to clearly distinguish between the NIR-DR 
spectra of each model, It's absolutely essential that we examine the pretreatments 
(autoscale, mean centering, etc.) and the transformation (standard normal variant, 
normalization, first and second derivative, etc.). 
1. Determination of the optimal wavenumber region for evaluation of hair damage, 
pretreatments and transformation 
Permanent waving produces chemical changes such as the hydrolysis of the 
amide bond (-COONH ~ -COOH + NH3) but does not allow complete reformation of 
the disulfide bond that is severed by reduction (-S-S- ~-SH). In bleaching, the S-S 
bond is mainly broken by an oxidizing agent (R-S-S-R ~ 2R-S03H).3 Therefore, the 
chemical changes in the interior damage models and those in the surface damage 
models are different. Thus, these models should be classified clearly and plotted in the 
72/175 
score plots along di fferent axes as shown in the image chart (Figure 7). It was 
necessary to find the optimal wavenumber region in the 8000 4000 cm- I region to 
classify the models after deleting the wavenumber range containing unneeded 
information. We examined the pretreatments (autoscale, mean centering) and the 
transformation (standard normal variant, normalization, first and second derivative) to 
reduce the spectral noise and variability between the control, interior damage models 
and the surface damage models. 
The second derivative NIR-DR spectra of keratin, cystine and cysteic acid are 
shown in Figure 8(a). The four parts shaded with circles indicate peaks that show clear 
differences between the three components. Figure 8(b) shows the second derivative 
NIR-DR spectra of all models except bleaching after permanent waving and permanent 
waving after bleaching. In selecting the optimal wavenumber region for the evaluation 
of hair interior and surface damage, we considered the region between 5060 - 4800 
cm -I where bands due to the amide bonds of keratin should appear and the regions of 
6200 5500 cm- I , 4800 4500 cm- I and 4500 4100 cm- I where peak changes caused 
by severing disulfide bonds after bleaching are observed. 
We examined three possible wavenumber regions: (1) combination of the 6200 
- 5500 cm- I and 5060 - 4800 cm- I regions, (2) combination of the 5060 4800 cm- I 
and 4800 4500 cm- I regions (in total, the 5060 4500 cm- I region), and (3) 
combination of the 5060 4800 cm- 1 and 4500 - 4100 cm- 1 regions. Examining these 
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regions allowed us to detect the changes in the amide bonds and disulfide bonds. The 
results revealed the region between 5060 4500 cm- 1 to be the most meaningful. Thus, 
principal component analysis was applied to this region of the NIR-DR spectra after 
treatment with mean centering, standard normal variant and second derivative. The 
best score plot (Figure 9) clearly shows each group of damage models along the 
different axes and allows the damage level of each hair model to be obtained. 
In the score plot in Figure 9, all the control subjects form one group in spite of 
no addition to this analysis except for the NIR-DR spectral information. For the 
interior damage models (5% and 10%), the samples are plotted at different positions 
from the control group along the abscissa PC 1. For the surface damage models (once 
and three times), the samples are plotted at different positions from the control group 
along the ordinate PC2. 
In this way, we found the best conditions for classifying the samples of the 
interior and surface damage models of hair along the abscissa PC 1 or the ordinate PC2. 
The best conditions yielding this score plot provide a new evaluation method for 
monitoring non-destructively the level of damage in the hair interior and on surface. 
2. Loading plot for the score plot (Figure 9) 
The loading plots of PC 1 or PC2 for the score plot in Figure 9 that were subj ected 
to the second derivative transfonnation are shown in Figure 10. Loading plots show 
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which NIR-DR spectral peaks most closely reflect the distribution of the points along 
the PC 1 or PC2 axis. In the loading plots (Figure 10), two strong peaks around 4900 
and 4850 cm- 1 are related to the changes in the amide bonds and affect the 
classification of the interior damage models of hair along the abscissa PC 1. The peak 
around 4850 em-I, which was attributed to the changes in the amide bonds, and the 
peak around 4690 em -1, which is due to the changes of cystine and cysteic acid, 
contribute to the classification of the surface damage models of hair along the ordinate 
PC2. 
Amide bonds are present throughout hair while cystine and cysteic acid are 
more commonly found near the surface than in the interior. This suggests that the 
abscissa PC 1 indicates the hair interior damage and the ordinate PC2 reflects the hair 
surface damage. 
3. Evaluation of hair compound damage models by the new evaluation method 
Both the hair interior and surface are damaged by the repetition of chemical 
treatments as described in the introduction. Thus, we determined if the degree of hair 
damage in the bleaching after permanent waving (P+ B) and permanent waving after 
bleaching (B+P) models could be evaluated by our new method. The results of the 
analysis of these two hair compound damage models are shown in Figure 11. It is very 
interesting that the bleaching after permanent waving group falls between the abscissa 
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PC 1 and the ordinate PC2. It is also of interest that bleaching after permanent waving 
and the reverse order permanent waving after bleaching were plotted at different 
positions in the score plots (Figure 11), even when processing was the same. For 
permanent waving or bleaching at a hair salon, it is very important to select the order 
of treatments. Permanent waving after bleaching is usually not permitted. If permanent 
waving is performed after bleaching, the hair color changes and damage becomes 
severe. 16 
Consequently, the bleaching after permanent waving group was plotted at a 
more severe position than the permanent waving after bleaching group along the 
abscissa PC I which indicates the degree of denaturation of hair interior protein. 
CONCLUSIONS 
We have developed a simple, quick and non-destructive method based on 
NIR-DR spectroscopy using an optical fiber probe to evaluate the hair damage 
condition in the hair interior and on the surface. Using this method, it is possible to 
monitor the hair conditions of each customer just by putting an optical fiber probe 
directly on the hair. The NIR-DR spectroscopic method is applicable not only for basic 
hair research, but also for practical use in hair salons thanks to the development of a 
handheld device. 
We believe that our evaluation method will be very useful in the development 
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of new restoration techniques and aid in the selection of appropriate chemical 
treatments to ensure healthy and beautiful hair. 
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FIGURE CAPTIONS 
Fig. 1. IR spectra of hair in the 1700 - 900 cm- I region. -: Control; -: Interior damage 
models; -: Surface damage models. 
Fig. 2. FT-IR mapping for the ratio of Amide I (about 1646 cm- I ) and Amide II (about 
1545 cm- I ) peak intensities. Left: Control; Center: Interior damage model; Right: 
Surface damage model. 
Fig. 3. IR spectra of hair in the 1700 - 900 cm- I region. -: Control; -: Interior damage 
models; - : Surface damage models. 
Fig. 4. SEM observation of changes in the cuticles. Left: Control; Center: Interior 
damage model; Right: Surface damage model. 
Fig. 5. NIR-DR spectra of hair in the 8000 - 4000 cm- I region. 
Fig. 6. PCI-PC2 score plot by PCA (8000 - 4000 cm- I ). -: Control; 0: Interior damage 
models, 5%; .: 1 0%; ~: Surface damage models, once; .. : 3 times. 
Fig. 7. An image of the score plot representing the degree of damage in the hair 
interior and on the surface. 
Fig. 8. NIR second derivative spectra in the 8000 - 4000 cm- I region. (a): Keratin, 
cystine, cysteic acid. (b): Control and damage models. 
Fig. 9. PC 1-PC2 score plot by PCA of the 5060 - 4500 cm-l region. -: Control; 
Interior damage models 5%; .: 1 0%; ~: Surface damage models once; .. : 3 times. 
Fig. 10. PC loading plots for PCI and PC2 for the PCA score plot in Fig.9. (The square 
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value). 
Fig. 11. PC I-PC2 score plot by PCA of the 5060 - 4500 cm-l region. -: Control; 
Interior damage models 50/0; .: 1 00/0; ~: Surface damage models once; ~: 3 times; +: 
Compound P+B; *: Compound B+P. 
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Fig. 1. IR spectra of hair in the 1 700 - 900 cm -1 region. 
-: Control; - : Interior damage models; - : Surface damage models. 
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Fig. 2. FT-IR mapping for the ratio of Amide I (about 1646 em-I) and Amide II (about 1545 em-I) 
peak intensities. Left: Control; Center: Interior damage model; Right: Surface damage model. 
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Fig. 3. IR spectra of hair in the 1700 - 900 cm- I region. 
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Fig. 4. SEM observation of changes in the cuticles. Left: Control; Center: Interior damage model ; 
Right: Surface damage model. 
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Fig. 6. PCI-PC2 score plot by PCA (8000 - 4000 cm- 1). 
-: Control; 0: Interior damage models, 5%; e: 10%; Ll: Surface 
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protein 
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Control group Hair interior 
damage model 
Fig. 7. An image of the score plot representing the degree of damage 
in the hair interior and on the surface. 
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PC 1: The interior damage models of hair 
• 
Fig. 9. PC I-PC2 score plot by PCA of the 5060 - 4500 cm- l region. 
-: Control; 0: Interior damage models 50/0; .: I 0%; ~: Surface damage models once; 
.. : 3 times. 
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Fig. 11. PC1-PC2 score plot by PCA of the 5060 - 4500 cm- 1 region. 
-: Control; 0: Interior damage models 5%; .: 100/0; l'l: Surface damage models once; 
.A.: 3 times; +: Compound P+B; *: Compound B+P. 
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Chapter 3 
A Non-Invasive Method for Assessing Interior Skin Damages Caused by 
Chronological Aging and Photoaging based on Near-Infrared Diffuse 
Reflectance Spectroscopy 
93/175 
ABSTRACT 
This paper reports a non-InvaSIve method for evaluating skin agIng based on 
near-infrared diffuse reflectance (N IR-DR) spectroscopy. Skin aging can be attributed 
to photo aging and chronological aging. Both types of aging are heavily involved in the 
skin changes that occur as we get older; wrinkles or sagging skin, for example. There 
are several non-invasive methods currently available for assessing total skin aging that 
examine physical properties of skin, but a novel approach is needed for more precise 
measurement of each type of aging inside the skin. Our goal is to develop a 
non-invasive way to assess changes taking place inside the skin for each type of aging 
by using NIR-DR spectroscopy. Interior skin damages caused by photo aging and 
chronological aging were studied for an UVB-irradiated hairless mouse group (24 
mice) and a non-irradiated group (29 mice) by uSIng N IR-DR spectroscopy and 
principal component analysis (PCA). The results suggested the possibility of 
monitoring the contribution and the quantitative assessment of both types of aging 
taking place inside the skin by using the 5990 - 5490 cm- l and 5000 - 4480 cm- l 
regions of NIR-DR spectra. For the photo aging, structural changes in proteins are most 
clearly reflected by a shift of the band near 4880 cm- l due to a combination of amide A 
and amide II modes. On the other hand, the chronological aging is associated with a 
change in collagen quantity as is seen in the intensity changes in NIR bands assigned 
to collagen. N IR-DR spectroscopy and PCA may allow us the non-invasive assessment 
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for the degree of photoaging and chronological agIng as degeneration of elasticity in 
collagen protein and degradation of protein quantity, respectively. 
Key words: N ear-infrared spectroscopy; Di ffuse reflectance; Aging; Principal 
component analysis; Collagen; Skin; Non-invasive analysis 
INTRO D U CTI ON 
Skin agIng involves both photo aging and chronological agIng processes. l - 6 
The effects of these processes are often overlapping and include changes in both the 
stratified epithelium and the fibroblast-rich dermis. The photo aging takes place in 
human skin that IS subjected to repeated exposure to UV irradiation, and the 
chronological agIng IS induced with the passage of time. It IS well known from 
prevIous studies on human skin and animal skin that skin surface properties and the 
state of changes taking place inside the skin differ vastly between the two types of 
aging. l - 6 Each stage of the two types of aging progression is subject to considerable 
variations, depending on environmental climate, life style, activity and heredity. In 
order to develop more effective beauty counseling method for skin, it is one of very 
important points to know the contribution and the quantitative assessment of those two 
types aging, photo aging and chronological aging, on individual consumer's skin. 
We, therefore, attempted to develop a non-invasive N IR-DR method for both 
types of skin aging. With a precise and simple way to assess aging taking place inside 
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the skin that may not yet be visible on the surface, customers will be alerted to 
treatment options earlier when they can make more of a difference. Invasive methods 
of skin tissue analysis, however, will not be tolerated by many customers regardless of 
the benefits offered. Studies on the physical properties of the skin have been conducted 
using the cutemeter, analysis of skin surface or image analysis of skin echogenicity as 
non-invasive methods of assessing total skin aging. 3 , 7, 8 However, these methods have 
limitations in their ability to distinguish between the two types of aging, and it is very 
difficult to monitor some chemical changes in the interior skin. Fluorescence 
measurement is another non-invasive method which has been employed to assess aging, 
but few have satisfactorily applied this technique to humans. 9, 10 
In cosmetic research, NIR-DR spectroscopy has previously been used for 
measuring water content in skin, hair and nail or hemoglobin or quantity of reddening 
(erythemal reaction) of skin.9 - 11 However, to our best knowledge, no published 
research has utilized this technology to assess skin aging. The obj ective of the present 
study is to monitor some chemical changes in the interior skin and to develop a 
non-InvasIve method for assessment that distinguishes the photo aging and 
chronological aging of the skin. We analyzed various N IR-DR spectra of skin of two 
hairless mouse groups, a UVB-irradiated group and a non-irradiated group, and 
investigate relationships between the results of N IR-DR spectra and PCA and states of 
aging taking place inside the skin. 
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EXPERIMENTAL 
Materials and Methods 
Animal models of irradiated group and non-irradiated group 
Five-week-old female albino hairless mice (Hr-l) were purchased from 
Hoshino (J apan). The animals were acclimatized for one week prior to the study. Fifty 
three female albino hairless mice were divided into two groups, one irradiated group 
(24 mice) and one non-irradiated group (29 mice). The irradiated animals were 
exposed to UV radiation (UVB dose of SOmJ per cm 2 measured by the UVB probe of a 
Topcon radiometer) from a bank of four Toshiba SE lamps without any filtering, and 
placed 40 cm above the back of each animal. As previously reported,6 the peak spectral 
output of this lamps is approximately 310 nm (lmokawa et aI, 1995), with no energy 
detectable below 260 nm and approximately 0.60/0 between 260 and 280 nm (UVC), 
72.7% between 280 and 320 nm (UVB), and 26.7% between 320 and 400 nm (UVA). 
The energy output of the lamps was measured with a Topcon UV radiometer 30S/36SD. 
Under these conditions, the minimal erythema dose (MED) of these animals was 60 mJ 
per cm 2 UVB. The animals were irradiated three times a week for 10 weeks. Under 
these conditions, mice did not show any erythema, edema, or scaling, so that the 
irradiations were below their MED thresholds. The total dose for a 10 weeks period of 
predominantly U VB exposure amounted to 2.7 J per cm 2 . The animals were fed with a 
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standard diet and were allowed water ad libidum, and were housed in rooms where the 
lighting was free from both UVA and UVB emissions. A 12 h automated light and dark 
cycle was used. Non-irradiated animals were prepared to measure as 6, 10, 14, 16, 
27 -week-old animals (Table 1). 
NIR-DR measurements and data analysis 
NIR-DR spectra of the purchased skin tissues and animal models were obtained 
with an FT-NIR spectrometer "IFS28/N" (Bruker Optics, Ettlingen, German) using a 
fiber probe on the back of animals. Uniform measurement conditions were maintained; 
the indoor temperature was kept at 20 oe; a distance of 1.2 mm from a skin surface to 
the N IR-DR fiber probe was maintained by using a stainless steel ring wi th the 
thickness of 1.2 mm. NIR-DR spectra from 8000 to 4000 cm- I were collected at an 8 
cm -I spectral resolution and 32 scans. Pirouette, Version 3.11 (InfoMetrix, Bothell, 
USA) was used for data analysis. To extract information about the aging of skins, we 
selected the 8000-4000 cm- I region of the NIR-DR spectra, and subjected them to PCA. 
Monitoring of inside the skin 
The skin sections of each model were denuded. The sections were fixed in 100/0 
buffered formalin, processed in paraffin wax, stained by the standard haematoxylin and 
eosin method. The epidermal thickness and dermal thickness were measured by light 
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mIcroscopy. 
Scanning electron microscopic (SEM) measurements were performed for 
monitoring the ultrastructure of dermal collagen fiber bundles on mouse skin 
specimens on a S-570 (Hitachi, Tokyo, Japan) . 
RESULTS 
Verification of the animal models 
For the UV-irradiated mice group, photo damages are increased gradually with 
UV dosage, as manifested in increased formation of wrinkles, epidermal and dermal 
thickening and changes in dermal collagen fiber bundles. Therefore, it is verified to 
appropriate for the photo aging model. On the other hand, non-irradiated mice group is 
not appropriated for chronological agIng, because no change in skin tissue was 
observed In them. In this study, we used animal models for the photo aging and 
increased aging group. 
NIR-DR spectra of the animal models 
Figure 1 (a) and (b) shows an original NIR-DR spectrum in the 8000-4000 cm- 1 
region of the mouse after treatment with standard normal variant (SNV), and its second 
derivative, respectively. Two of the most prominent peaks in the original spectrum are 
due to water absorption. A band due to the combination of the O-H antisymmetric and 
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symmetric stretching modes of water is found at 6900 cm -I, whereas that arising from 
the combination of the O-H stretching and bending modes accounts for an absorption at 
5180 cm- I . Bands due to the first overtones of the antisymmetric and symmetric C-H 
stretching modes are located at 5830 and 5680 cm- I , respectively (see, Fig. l(b)). 
Combination bands including the N -H stretching and different amide modes are 
ide n t i fi e d a tab 0 u t 48 8 0 and 45 90 c m -I. I 2 
The 5990-5490 cm- 1 and 5000-4480 cm- 1 regions were selected for the present 
purpose, because the intensities of peaks in these regions are stronger than those in 
other regions except the regions where the two strong water features are observed. It is 
also noted that the water band regions are affected by measurement environments like 
humidity. 
Figure 2 depicts NIR second derivative spectra in the 5000 - 4480 cm -I regIon 
of the photo aging model (16-week-old), chronological aging model (6-week-old) and 
chronological aging model (27-week-old). It is found from the comparison of the 
NIR-DR spectra in the 5000-4480 cm- I region between the photo aging model and the 
chronological aging model that a band near 4880 cm- I shows a large shift by about 10 
cm -I for the photo aging and a peak near 4590 cm -1 increases signi ficantly. Amide A 
means a NH stretching mode of the amide groups, and amide II is a key indicator for 
the secondary structure of the peptide backbone. 13 The characteristic peak shift of the 
band near 4880 cm- 1 indicates a structural variation in protein, for example, 
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denaturation of the protein. 13 14 It was also reported that NIR-DR spectra between 
4700 and 4500 cm- I involve the information about protein secondary structures. 13,14 
Figure 4 depicts the wavenumber of the peak near 4880 cm-l versus age for both the 
photoaging and chronological aging models. Of note is that the photo aging model 
shows a much larger shift than the chronological aging model (closed testing procedure, 
p<O.OOl) (Fig.3). 
Figure 4 displays NIR-DR spectra in the 5990 - 5490 cm- I regIon of the 
chronological aging model. The 5990-5490 cm- 1 region is mainly concerned with the 
first overtone and combinations of CH, CH2, and CH3 groups. It can be seen from Fig. 
4 that the chronological aging model shows remarkable changes near 5930, 5790, and 
5670 cm -I. In contrast, there is no corresponding change in this region for the 
photo aging model. It was reported that the weak feature near 5930 cm- I is assigned to 
proteins, and the peaks near 5790 and 5670 cm- 1 arise from lipids. 12, 15 With aging, the 
peak intensity near 5930 cm-l decreases while those near 5790 and 5670 cm- 1 increase. 
Figure 6 illustrates that a significant correlation is noticed between the intensity of the 
peak near 5790 cm- 1 and age in week (Pearson's correlation coefficient r=0.86, 
p<O.OOl ***). These changes In the 5990-5490 cm- l region are concerned with the 
increased age. 
peA and loading plots of the NIR-DR spectra in the 5990-5490 and 5000-4480 cm- 1 
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regions 
The NIR-DR spectra in the 5990-5490 and 5000-4480 cm- J regions of the two 
models were subjected to PCA. A PC2 and PC 3 score plot of PCA is shown in Fig 6. 
The two groups formed from the photoaging model and the chronological aging model 
are divided along the principal component PC 2 and PC 3 in the PCA score plot. When 
comparing the score plots between the photo aging model and the chronological aging 
model for the 16-wk-old mice, there is a remarkable difference in the circled places. To 
explore what divides the two models clearly in the PCA score plot, we calculated the 
loading plots. 
Figure 7 shows loading plots of PC2 and PC3, a peak at 4480 cm- I appears to 
playa key role in differentiating between the photo aging model and the chronological 
aging model. However, the peaks near 4880 and 4590 cm- 1 are also useful in 
classi fying the samples into the two groups along PC3. These peaks in the loading 
plots for PC3 indicate that the differences in the amount of peak shift near 4880 cm- 1 
and the increase in the peak intensity near 4590 cm- I are found between two models in 
the 2D NIR-DR spectra. 
According to the loading plot for PC2 (Fig 7), peaks near 5930,5790, and 5670 
cm- I have great influences on classifying the NIR-DR data along PC2. These peaks 
reflect the remarkable changes in the spectra of the chronological aging model in the 
2D NIR-DR spectra. 
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DISCUSSION 
The changes in the dermis with photo aging are tied to the collapse of dermal 
collagen fiber bundles and the degeneration of elastic fiber. 5, 6 The change in the 
dermis with chronological aging is the decrease of total collagen quantity.16 The 
intriguing score plot of PCA results from the specific processing; the 5990-5490 cm- I 
and 5000-4480 cm -I regions of NIR-DR spectra are selected, and subjected to PCA 
after the treatments of SNV and second derivative (Fig 6). Along PC3 and pe2 in the 
score plot, we obtained very interesting result that PC3 indicates the photodamage 
while PC2 reflects the chronological agIng (Fig 6). The peak shift near 4880 cm- I , 
which IS one of the key bands to divide the spectra along PC3 in the score plot, 
monitors a structural transition In proteins. 13, 14 Thus, signi ficant differences in the 
degree of this peak shift are found for the spectra of the 10-week-old, 14-week-old and 
16-week-old mice between the photoaging model and the chronological aging model 
(closed testing procedure, p<O.OO 1). When comparIng the spectra of the 16-wk-old 
mIce between the photo aging model and the chronological agIng model, there is a 
remarkable difference in the circled places (Fig 6). Therefore, it is suggested that PC3 
reflects degeneration of the skin, which is a structural transition in dermal proteins 
with photo aging, for example, collapse of dermal collagen fiber bundles and 
degeneration of elastic fiber. On the other hand, the NIR-DR data from the 
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chronolo gical aging model may be classified in chronolo gical order along PC2 (Fig 6). 
The peaks, which contribute to the classification along PC2 in our work, are assigned 
to proteins or lipids. 15 It has been reported that the quantity of proteins decreases while 
that of lipids increases with aging. Therefore, it is suggested that PC2 reflects 
degradation of the skin, which is the decrease in the protein quantity in the dermis with 
chronological aging, for example, the decrease of collagen protein quantity with a 
decline in cells function / productivity.16 As for the increase in the quantity of lipids in 
the NIR-DR spectra, the details are unclear. It is, however, probable that the collagen 
quantity and density in the dermis is decreasing with age,17 and then, the NIR-DR 
spectra of the elder mice (16 and 27 -week-old) contain more information about 
subcutaneous fat under the dermis. 
CONCLUSION 
We have developed a novel method for assessing skin aging based on NIR-DR 
spectroscopy and PCA. In this method, the photoaging and chronological aging can be 
differentiated by a score plot of PCA which reflects the degeneration caused by the 
photo aging and the degradation caused by the chronological aging. The NIR-DR 
method detects changes not only in the quantity of skin components such as proteins 
and lipids but also their structures, and is different from general measurement methods 
for physical properties of the skin. It is capable of capturing an aging state more 
1041175 
precisely in situ with detecting changes in protein structures and of quantity inside the 
skin. This proposed method is a valuable tool for the investigations of skin aging. 
This method which is simple, quick and non-invasive enables us to know the 
consumer's skin condition In greater detail so that we can make better 
recommendations for appropriate skincare. This approach will be very useful to the 
cosmetic industry and will better satisfy the needs of our customers. 
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FIGURE CAPTIONS 
Fig. 1. NIR-DR spectra in the 8000 - 4000 cm-I regIon. (a): original spectrum, (b): 
second derivative spectrum 
Fig. 2. NIR second derivative spectra in the 5000 - 4480 cm-l regIon .• : Photoaging 
model 16-week-old, -: chronological aging model 6-week-old, 0: chronological aging 
model 27-week-old. 
Fig. 3. The amount of peak shift that is defined as the difference in the wavenumber 
between the peak of the photo aging model and that of the chronological aging model 
2D NIR-DR spectra near 4880 cm-I. D: chronological aging model, .. : photo aging 
model. 
Fig. 4. NIR second derivative spectra of chronological aging model in the 5990 - 5490 
cm-I region. -: 6-week-old, D: 10-week-old, ... : 14-week-old, : 16-week-old, 0: 
27 -week-old. 
Fig. 5. The intensity of the peak near 5790 cm-I in the 2D N IR-DR spectra versus age 
for the chronolo gical aging model and photo aging model. D: chronolo gi cal aging 
model, ... : photoaging model. 
Fig. 6. A Factor 2 - Factor 3 score plot by PCA developed by using the 5990 - 5490 
cm-l and 5000 - 4480cm-l regions of the NIR-DR spectra of the phtoaging model and 
chronological aging model. phtoaging model (i1: 2-wk irradiation (8-wk-old), .. : 4-wk 
(lO-wk-old), : 8-wk (14-wk-old), .: 10-wk (16-wk-old)), chronological aging model 
1 081175 
(-:6, x: 10, +: 14,0: 16, +:27-wk-old) 
Fig. 7. PC Loading plots of PC2 and PC3 for the score plot in Fig 7. PC2,_: PC3 
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Chapter 4 
A Combined Near-infrared Diffuse Reflectance Spectroscopy and 
Principal Component Analysis Method of Assessment for the Degree of 
Photoaging and Physiological Aging of Human Skin 
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ABSTRACT 
The phenomenon of skin aging may be categorized broadly into photo aging caused by 
exogenous factors and physiological aging induced by endogenous factors. A 
near-infrared diffuse reflectance (NIR-DR) spectroscopy method was recently 
proposed for non-invasive evaluation of changes that occur within the skin of hairless 
mice that were divided into an UVB-irradiated group (photo aging) and a non-irradiated 
group (physiological aging). In the present study, a non-invasive method to assess 
changes in human skin was developed and tested. For investigation of photo aging and 
physiological aging, NIR-DR spectra in the 8000 to 4000 cm I region were measured 
from the outer forearm (sun-exposed) and the inner upper arm (sun-protected) of 86 
females ranging in age from 23 to 69 years. The obtained spectra were subjected to 
principal component analysis (PCA). PCA results suggested that contributions of both 
types of aging occurring within the skin can be monitored and quantitatively assessed 
using the 5990 to 5490 and 5000 to 4480 cm 1 regions of second derivative NIR-DR 
spectra, respectively. This study demonstrates that for human skin, NIR-DR 
spectroscopy and PCA may allow non-invasive assessment of the degree of photoaging 
and physiological aging due to degenerative changes in protein elasticity and reduction 
in protein quantity, respectively. 
Key words: Near-infrared spectroscopy; Diffuse reflectance; Photoaging; 
Physiological aging, Principal component analysis; Collagen; Skin; Non-invasive 
analysis 
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INTRODUCTION 
The desire for young-looking skin leads people to use cosmetics, undergo 
cosmetic surgery, and the like. The agIng phenomenon of skin may be categorized 
broadly into photo aging caused by exogenous factors and physiological aging induced 
by endogenous factors. It is well known from past studies on human skin and animal 
skin that changes in the surface properties of skin and those occurring within the skin 
differ largely between exogenous and endogenous factors of aging. l - 6 
Both photoaging and physiological aging of skin are subject to considerable 
variations, and depend on environmental climate, life style, activity, and heredity. In 
order to develop more effective methods for beautifying the skin, it is important to be 
able to not only monitor, but also quantitatively assess the contributions of both 
photo aging and physiological aging to changes in an individual's skin. However, 
existing methods are limited in their ability to distinguish between the two types of 
aging, and it is very difficult to monitor the many chemical changes that occur within 
the skin. The present study, therefore, attempted to develop a non-invasive NIR-DR 
method for evaluation of both types of aging of human skin. 
In cosmetics research, NIR-DR spectroscopy has been used to measure water 
content in skin, hair, and nails. It has also been used to measure hemoglobin 
concentrations, reddening (erythemal reaction) of skin, and physical properties of 
hair.7 - 12 However, to the best of our knowledge, no published research, except for one 
report on mouse skin, has utilized this technolo gy to assess skin aging. 13 The previous 
NIR-DR investigation on hairless mice that were divided into an UVB-irradiated group 
(photo aging) and a non-irradiated group (physiological aging), evaluated chemical 
changes taking place within the skin. Combined N IR-DR spectroscopy and PCA may 
allow non-invasive assessment of the degree of photo aging and physiological aging in 
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human skin. 
An important part of the present study was applying the proposed evaluation 
method using the combination of NIR-DR spectroscopy-PCA to study human skin. 
Mouse skin and human skin are similarly organized, but are also quite different. Mouse 
and human skin are known to be quite different dermatologically.14 For example, the 
thicknesses of the stratum corneum, epidermis, and dermis of humans and hairless 
mice are different (In the human: stratum corneum, 18.2 J.lm; epidermis, 65.5 (the inner 
upper arm) and 97.1 (the outer forearm) J.lm; dermis, 794.4 (the inner upper arm) and 
1097.4 (the outer forearm) J.lm. In the hairless mouse: stratum corneum, 8.8 J.lm; 
epidermis, 18 J.lm; dermis, 115 J.lm. Acetone-extracted skin surface lipid in the human 
is 60.5 J.lg/cm2 and in the hairless mouse, 212.4 J.lg/cm2).IS - 17 Human and hairless 
mouse skin have distinct histology. For example, there is more of a dermo-muscular 
coat in the subcutaneous tissue of hairless mice than in humans, and there is no 
melanin in the epidermis of hairless mice. This evaluation method can evaluate the 
degree of photo aging and physiological aging in the human skin without being 
influenced too much by the thickness of the skin and subcutaneous tissue. Therefore, it 
is very important to study if the results obtained using the skin of mice can be applied 
to human skin. The present study demonstrates the possibility of applying this 
evaluation method using NIR to human skin. The most significant difference between 
previous experiments that used mouse skin and the present experiments that used 
human skin is that artificial UV-irradiation was used in the previous experiments, but, 
in the present experiments, natural UV light from the sun was used. In this way, the 
effect of UV light on human skin aging could be evaluated. In any case, the final goal 
of the biomedical application of spectroscopy is to demonstrate the usefulness of a 
non-destructive method in humans. 
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The objective of the present study was to monitor quantitative and qualitative 
variations in collagen within the skin, and to develop a non-invasive method for 
assessment that distinguishes photo aging and physiological aging of the human skin. 
NIR-DR spectra of healthy human skin in various stages of photo aging and 
physiological aging were evaluated, and PCA of the spectra was performed to relate 
the spectra to the states of aging occurring within the skin. The present study adds 
significantly to non-invasive monitoring of human skin for medical and pharmaceutical 
sciences as well as cosmetology. 
EXPERIMENTAL 
Skin tissues (whole skin, epidermis, and dermis) 
Commercially available frozen human skin removed from the femoral area with 
a Dermatome was purchased from Ohio Valley Tissue and Skin Center (US Tissue and 
Cell, Cincinnati, OH) to investigate the depth from the skin surface at which 
information about human skin could be obtained with NIR-DR. 
Three types of skin samples were prepared: whole skin, heat-separated epidermis (30 s 
at 70°C), and dermis. Heat-separation means that the skin samples on an Aluminum 
foil were kept on a hot plate for 30 s at 70°C, and they were divided into the epidermis 
and dermis after 30 s. 
Subjects 
Subjects were Japanese females who live in either Akita Prefecture (North 
lati tude 39°) in northern Japan or Kochi Prefecture (N orth latitude 33°) in southern 
Japan. The difference in the annual number of daylight hours between Akita and Kochi 
is approximately 1.5 times, according to the Japanese Meteorological Agency. 
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Eighty-six subjects (ranging in age from 23 to 69 years) who had no history of 
dermatosis and no frequent exposure to strong UV rays were surveyed. The number of 
subjects in each age group is shown in Table 1. To monitor changes in skin caused by 
photo aging, the outer forearm (sun-exposed) and the inner upper arm (sun-protected) 
skin areas were assessed. These skin areas provide a basis for the index of photo aging. 5, 
9 Three areas of the face: the cheek, the corner of the eye and the nasolabial groove, 
which typically have greater exposure to UV radiation than the arms, and the inner 
forearm were also assessed. 
Makeup and sebum on the skin areas were removed pnor to NIR-DR 
measurements; the arms of subjects were wiped softly with cotton moistened with 
water. Subjects sat quietly for 15 min to allow their skin to adapt to the ambient 
conditions (The indoor temperature was kept at 20°C). The measurements were 
conducted in February in Akita, and in March in Kochi. 
NIR-DR measurements and data analysis 
NIR-DR spectra of the purchased skin tissue were obtained with an IFS28/N 
FT-NIR spectrometer (Bruker Optics, Ettlingen, Germany) using a fiber probe. 
NIR-DR spectra of skin of human subjects in both Akita and Kochi were obtained with 
a MATRIX-F FT-NIR spectrometer (Bruker Optics) that is portable equipment using a 
fiber probe. 
Uniform measurement conditions were maintained during the investigation: the 
indoor temperature was kept at 20°C and a uniform distance was kept between the skin 
surface and the NIR-DR fiber probe using a stainless steel ring with a thickness of 1.2 
mm. NIR-DR spectra from 8000 to 4000 cm- 1 were collected at spectral resolution of 8 
cm- l , and 32 scans were added together to ensure a sufficient signal-to-noise ratio. 
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Pirouette, Version 3.11 (InfoMetrix, Bothell, WA) was used for data analysis 
including taking smoothing, the second derivative, and mean-centering (MC) of raw 
data. Smoothing process was carried out at 25 points by Savitsky-Golay filter. To 
extract information about skin aging, the 8000 to 4000 cm- 1 region of the NIR-DR 
spectra were collected and subjected to PCA. 
RESULTS 
NIR-DR spectra of skin tissue (whole skin, epidermis, and dermis) 
Figure 1 shows NIR-DR spectra of whole skin, dermis-only portions, and 
epidermis-only portions of the purchased skin samples. The spectra of whole skin and 
dermis-only were very similar to each other. The NIR-DR spectra of the epidermis 
alone, on the other hand, were very different from the other two spectra. This suggests 
that the N IR-DR spectra from skin contain a greater amount of information about the 
dermis than the epidermis. Namely, it is very likely that the NIR-DR spectra of 
subjects mainly reflect the information about the dermis in this measurement. Skin is 
made up mainly of water, proteins and lipids. Intense peaks near 6800 and 5200 cm- 1 
are attributed mainly to the combination of the antisymmetric and symmetric hydroxyl 
(OH) stretching modes and that of the OH antisymmetric and bending modes of water, 
respectively. Weak features due to proteins and lipids in the skin overlap with the 
broad water bands. Therefore, only spectral regions excluding those two strong water 
bands were studied. 18, 19 
NIR-DR spectra of the outer forearm and the inner upper arm 
Figure 2 shows the original and second derivative NIR-DR spectra of the inner 
upper arm and the outer forearm of one subject in the 8000 to 4000 cm 1 region. 
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Analysis demonstrated that significant differences between the outer forearm and inner 
upper arm can be seen in the 5990 to 5490 and 5000 to 4480 cm -J regions; the results 
are similar to those reported for mouse skin in a previous paper. 13 Thus, the 5990 to 
5490 and 5000 to 4480 cm -1 regions were selected and subjected to PCA after taking 
second derivative, smoothing, and MC of raw data. The combination of these 
pre-analysis data manipulations gave the best results for the NIR-DR study of mouse 
skin.I3 
peA score plots and loading plots 
Figure 3 shows a PCI-PC2 score plot developed by PCA of the NIR-DR data. 
The contribution rates of PCI and PC2 are 59.2401 and 26.8815%, respectively. It can 
be seen from the PCA results that the two groups formed by data from the outer 
forearm and those from the inner upper arm are divided along PC 1. To determine what 
kind of information included in the NIR-DR spectra of the outer forearm and the inner 
upper arm enables division between the spectra of the outer forearm and the inner 
upper arm in the score plot of PCA, a PC 1 loading plot (Fig. 4) was calculated for the 
score plots shown in Fig. 3. 
It was noted in the loading plot for PC 1 that peaks near 4880 and 4590 cm- I 
play important roles in classifying the skin data into the two groups along PC 1. Bands 
near 4880 and 4590 cm 1 are due to a combination of amide A and amide II modes and 
a combination of amide B and amide II modes, respectively.20. 2l Amide A and amide B 
correspond to the amide (NH) stretching modes of the protein amide groups, and amide 
II is a key indicator for the secondary structure of the peptide backbone. In the 
previous paper on mouse skin, a characteristic peak shift of the band was near 4880 
cm-
I
.
l3 This shift is ascribed to a structural transformation in skin proteins, for 
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example, denaturation of fibroin or pepsin. 20 , 21 It was also reported that N IR- DR 
spectra of mouse skin in the region of 4700 to 4500 cm- 1 reflects information about 
protein secondary structures. 21 The band at 4880 cm- 1 appears to be the best for 
di fferentiating between the outer forearm and inner upper arm, representing photo aged 
and non-photo aged skin, respectively. 
Figure 5 indicates the second derivative NIR-DR spectra of the band near 4880 
cm 1 of the outer forearm (sun-exposed) and the inner upper arm (sun-protected). It 
was found that the peak wavenumber of the band near 4880 cm- 1 of the outer forearm 
is significantly lower than that of the inner upper arm (t test, p < 0.01). The peak 
wavenumber near 4880 cm -\ of the Inner upper arm was very close between the 
subjects in Akita and those in Kochi, and changed little with age. On the other hand, 
the corresponding peak of the outer forearm was different between the two area groups. 
Figure 6 shows how the peak shift was defined as the difference in the wavenumber 
between the peak of the outer forearm and that of the inner upper arm for the same 
individual. The present data clearly indicates a significant difference in the peak shift 
for those subjects in their 60s from Akita and Kochi. These two groups had a 
substantial difference in the amount of cumulative UV exposure due to their 
geographical locations (closed testing procedure, p < 0.05). In other groups, a 
di fference in the peak shift is shown. However, there was no signi ficant statistical 
di fference in the results. 
peA in other body parts 
NIR-DR spectra of the inner forearm and vanous parts of the face (cheek, 
corner of the eye, and nasolabial groove) were subj ected to the same PCA processing 
as that for Fig. 3. A score plot of PCA is shown in Fig. 7. Note that the data from the 
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inner forearm, the body part with less UV exposure than the outer forearm, are located 
between the data for the inner upper arm and those for the outer forearm along PC 1. 
NIR data from the face, the part of the body with greater exposure to UV rays than the 
arms, are located further left along PC 1 compared to those taken from the arms. 
NIR-DR spectra and peA by age group 
NIR-DR spectra of the five age groups (n 86) obtained from the inner upper 
arm (sun-protected) were analyzed. The 5990 to 5490 and 5000 to 4480 cm -1 regions 
were selected, and subjected to PCA after taking second derivative, smoothing, and 
MC of raw data. As the result of PCA, the five age groups were classified clearly in 
chronological order along the ordinate PC2 in a score plot of PCA (Fig. 8). A 
significant correlation was obtained between PC2 scores in the score plot of PCA and 
age (r = 0.43, p < 0.05). 
Figure 9 presents a loading plot for PC2. According to the loading plot, peaks 
near 5930, 5860, 5790, and 5670 cm I have substantial influences on classification of 
the NIR-DR data along PC2. The peak near 5930 cm- I is assigned to proteins, and 
those near 5860, 5790 and 5670 cm- 1 are due to lipids. 16 , 17 The second derivative of 
the NIR-DR spectra from 5990 to 5490 cm- 1 of the inner upper arm with age groups are 
displayed in Fig. 10. With age, the peak intensity near 5930 cm I decreased, and the 
peak intensities near 5860, 5790, and 5670 cm- 1 increased. 
DISCUSSION 
Studies of the physical properties of the skin have been conducted USIng a 
cutemeter, USIng analysis of the skin surface, or USIng Image analysis of skin 
h .. .. h d f I k" 3 22.23 H ec ogenicity as non-InvasIve met 0 s 0 tota s In agIng assesment.'· owever, 
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these methods have limitations in their ability to distinguish between the two types of 
aging, and it is very difficult to monitor certain chemical changes within the skin. 
Measurement of fluorescence is another non-invasive method which has been 
employed to assess aging, but few studies have satisfactorily applied this technique to 
humans. 7,8 It has been reported previously that changes in dermis with photo aging are 
tied to collapse of dermal collagen fiber bundles and denaturation of elastic fibers,5, 6 
and the changes in dermis with physiological aging is due to the decrease of total 
11 . 24 co agen quanti ty. 
The potentially intriguing PCA score plot resulted from the specific processing. 
The 5990 to 5490 and 5000 to 4480 cm I regions of the NIR-DR spectra were selected, 
and subjected to PCA after pretreatments of second derivative, smoothing, and MC 
(Figs. 3, 8). Along PC 1, data from the outer forearm and the inner upper arm, skin 
areas that provide a basis for the index of photoaging, can be divided clearly (Fig. 3). 
The peak shift near 4880 cm 1, which is one key wavenumber that contributes to the 
division of the data into two groups along PC 1 in the present study, is associated with 
structural transitions in skin proteins. 21 , 22 Thus, the degree of structural changes in 
proteins was different between subjects in their 60s from Akita and those from Kochi. 
Those two groups have a substantial difference in the amount of cumulative UV 
exposure due to their geographical locations. NIR-DR data from the inner forearm and 
face match the presumed quantity of UV radiation along PC 1 very well in the score 
plot of PCA. Therefore, it seems that PC 1 reflects degeneration, which is a structural 
transition in proteins in dermis with photoaging. This degeneration can result In 
collapse of dermal collagen fiber bundles and denaturation of elastic fiber. 6 , 7,25 
On the other hand, data from the inner upper arm are classi fied In 
chronological order along PC2 (Fig. 8). The wavenumbers, which contribute to 
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classification along PC2, are assigned to proteins and lipids. 26 The quantity of protein 
was found to decrease and the quantity of lipids was found to increase with age (Fig. 9). 
Collagen quantity and density in the dermis decreases with age. 23 Therefore, it is very 
likely that PC2 reflects degradation, which is the decrease in protein quantity in the 
dermis with physiological aging. For example, the decrease in the collagen protein 
quantity reflects a decline in cellular function and/or productivity.24 However, as for 
the increase of lipids, its influence on N IR-DR spectra is unclear because NIR-DR 
spectra contain more information on subcutaneous fat under the dermis. 
CONCLUSION 
The present study has demonstrated that the combination of non-invasive 
NIR-DR spectroscopy and PCA that was developed previously for the study of mouse 
skin can also be applied to human skin. In this method, photoaging and chronological 
aging can be differentiated by a score plot of PCA of NIR-DR data which reflects 
degeneration caused by photo aging and degradation induced by chronological aging. It 
is capable of monitoring the process of aging of human skin more easily in situ with 
detection of changes in quantity and structures of proteins within the skin. 
This simple, rapid, and non-invasive assessment is a valuable tool for 
investigation of skin aging. This technique of evaluation of aging of the human skin 
can enable quantification of skin conditions, help to guide treatment, and aid in 
selection of appropriate cosmetics and suitable medicines. 
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FIGURE CAPTIONS 
Fig. 1 NIR-DR spectra of whole skin, epidermis and dermis. Bold line, epidermis; gray 
line, dermis; standard line, whole skin. 
Fig. 2 NIR-DR spectrum of the inner upper arm and the outer forearm in the 8000 -
4000 em 1 region. Black line, inner upper arm; gray line, outer forearm. (a) Original 
NIR-DR spectra, (b) second derivative NIR-DR spectra. 
Fig. 3 PCI-PC2 score plot developed using the 5990 - 5490 and 5000 - 4480 cm- 1 
regions of the second derivative NIR-DR spectra of the inner upper arm and the outer 
forearm. 0, Inner upper arm; ~, outer forearm. 
Fig. 4 PC I loading plot for the score plot in Fig. 3 (absolute value). 
Fig. 5 Second derivative NIR-DR spectra in the 5000 to 4480 cm- 1 regIon. Black line, 
inner upper arm; gray line, outer forearm. 
Fig. 6 Peak shift defined as the difference in the wavenumber between the peak of the 
outer forearm second derivative NIR-DR spectra and that of the inner upper arm 
second derivative NIR-DR spectra near 4880 em 1. 0, Akita; ., Kochi, Error bar, SD. 
Fig. 7 PC I-PC2 score plot developed using the 5990 to 5490 and 5000 to 4480 em 1 
regions of the NIR-DR spectra of the inner upper arm, outer forearm, inner forearm, 
corner of the eye, cheek, and nasolabial groove. 0, Inner upper arm; ~, outer forearm; 
+, inner forearm; -, corner of the eye: x, cheek; 0, nasolabial groove. 
Fig. 8 PCA score plot developed by use of the 5990 to 5490 and 5000 to 4480 em 
regions. 0, 20; -, 30; 0, 40; x, 50; ~, 60. 
Fig. 9 PC2 loading plot for the score plot in Fig. 8 (absolute value). 
Fig. 10 Second derivative NIR spectra of the inner upper arm for age groups. -0-, 20; 
---, 30; - 0-, 40; -X-, 50; - ~ -, 60. 
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Table 1 Distribution of subjects by age groups and sites 
Age group Site 
Akita 
Kochi 
20 - 29 
9 
8 
30 - 39 
7 
8 
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40 - 49 50 - 59 
8 9 
9 9 
60 - 69 
10 
9 
1.6 
1.4 --
2 1.2 
-........... 
~ 
~ 1 bJ) 
o 
~ 0.8 
0.6 
8000 7000 6000 5000 4000 
Wavenumber/cm-1 
Fig. 1 NIR-DR spectra of whole skin, epidermis and dermis. Bold 
line, epidermis; gray line, dermis; standard line, whole skin. 
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Fig . 2 NIR-DR spectrum of the inner upper arm and the outer 
forearm in the 8000 - 4000 cm - \ regIon. Black line, inner 
upper arm; gray line, outer forearm. (a) Original NIR-DR 
spectra, (b) second derivative NIR-DR spectra. 
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The outer forearm The inner upper arm 
/ / 3 
-6 
-6 -4 -2 o 2 4 6 
Score of PCl 
Fig. 3 PC I-PC2 score plot developed using the 5990 - 5490 and 
5000 - 4480 cm 1 regions of the second derivative NIR-DR spectra 
of the inner upper arm and the outer forearm. 0, Inner upper arm; 
., outer forearm. 
1361175 
~ 
o. 
2 
u ~ -0 
. 1 
-0 
.2 
5980 5480 
• 488 
4980 
Wavenumber/cm-1 
• 459 
4480 
Fig. 4 PC1 loading plot for the score plot in Fig. 3 (absolute value). 
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Fig. 5 Second derivative NIR-DR spectra in the 
5000 to 4480 cm- 1 region. Black line, inner upper 
arm; gray line, outer forearm. 
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Fig. 6 Peak shift defined as the difference in the wavenumber between the 
peak of the outer forearm second derivative NIR-DR spectra and that of the 
inner upper arm second derivative NIR-DR spectra near 4880 cm- I . 0 , Akita; 
. , Kochi, Error bar, SD. 
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Fig. 7 PC I-PC2 score plot developed uSIng the 5990 to 5490 and 
5000 to 4480 em 1 regions of the NIR-DR spectra of the inner upper 
arm, outer forearm, inner forearm, corner of the eye, cheek, and 
nasolabial groove. ,Inner upper arm; .. , outer forearm; +, Inner 
forearm; -, corner of the eye: x, cheek; 0, nasolabial groove. 
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Chapter 5 
Non-invasive Estimation of Skin Thickness by Near-Infrared Diffuse 
Reflection Spectroscopy - Separate determination of epidermis and 
dermis thickness 
1441175 
ABSTRACT 
This paper reports a non-InvaSIve method for estimating skin thickness by uSIng 
near-infrared diffuse reflectance (NIR-DR) spectroscopy. Skin thickness IS an 
important skin property in cosmetology, dermatology and pharmaceutical SCIence. It 
vanes significantly between the face and other body parts, and changes with age and 
environment factors. Differences in skin thickness reflect the structural conditions of 
the epidermis and dermis. However, current methods for measuring skin thickness are 
complex and require cumbersome equipment. Therefore, we herein propose a NIR-DR 
and partial least squares regression (PLSR) method for non-destructive skin thickness 
estimation. NIR-DR spectra were measured for UV-irradiated and non-irradiated skin 
on the backs of hairless mice and denuded back skin. Skin thickness increased 
gradually with the amount of UV irradiation, while changing little with physiological 
age. To obtain reference data, optical microscope measurements were carried out for 
denuded skin, and total thickness and thickness of epidermis and dermis were 
determined. PLS regressIon was performed for the whole spectrum and selected 
regIons specific for particular functional groups in order to estimate total thickness 
and thickness of epidermis and dermis. In the 6939-5990 cm- 1 and 5242-4609 cm- I 
regions the bands due to amide groups of proteins appeared to contributed to models 
with the best coefficients of determination (R 2 cv) and Standard Error of Cross 
Validation (SECV) results; for total thickness, thickness of epidermis, and dermis, 
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these were 0.79 and 25.80 J,lm, 0.72 and 21.87 J,lm, and 0.77 and 8.16 J,lm, respectively. 
The results revealed that the wave numbers contributing to the prediction of skin 
thickness differ between the epidermis and dermis. 
Keywords: non-invasive measurement, skin thickness, epidermis, dermis, partial least 
squares. 
INTRODUCTION 
Skin thickness IS one of the most important properties for evaluating skin 
conditions. 1 2 It is significantly different in the face and other body parts, and depends 
on age and environmental factors. Estimation of skin thickness is an important issue in 
cosmetology, dermatology and pharmaceutical science. 
The skin is an organ that covers the surface of a body and functions as a 
boundary to the outside environment. It is composed of three layers; the epidermis, the 
dermis, and the hypodermis. Changes that markedly affect esthetics, such as wrinkles, 
sagging and skin elasticity, are the result of physiological changes in the epidermis and 
dermis. For example, when dermal thickness is small, thickness can be increased 
through the use of cosmetics and/or drugs mixed with collagen synthesis promoters or 
collagen fiber bundle reconstruction agents, resulting in a wrinkle-eliminating effect. 
Furthermore, when epidermal thickness is large, further increases are suppressed by 
the use of cosmetics mixed with turnover adjusting agents, resulting in an epidermal 
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hypertrophy-suppressing function. Thus, it is very useful to determine the dermal and 
epidermal thickness for general esthetics and the use of cosmetics and drugs. 
There are several evaluation methods for monitoring skin thickness, but these 
are complex, time-consuming and destructive. 3 The objective of this study was to 
develop a novel NIR-DR spectroscopic method using an optical fiber probe and PLSR. 
The proposed method is simple, nondestructive and accurate. NIR-DR spectroscopy 
has been extensively used in the field of cosmetology as a non-destructive evaluation 
method for hair, nails and skin.4 - 9 For example, it has been employed to predict water 
content in hair, nails and skin,4 - 9 to evaluate the physical properties of hair,8 and to 
assess physiological and photo aging of the skin In a previous study,10 we applied the 
NIR-DR method to explore physiological aging and photo aging of animal and human 
skin. PCA clearly discriminated between the two types of aging. From loading plots for 
Factor 1 and Factor 2 of PCA for human skin data, the 5990-5490 cm- 1 and the 
5000-4480 cm- I regions were found to contribute significantly to the discrimination of 
physiological aging and photoaging. 
The above studies for hair, nails and skin have confirmed the usefulness of 
NIR-DR spectroscopy as a non-InvaSIve, rapid and accurate evaluation method for 
chemical and physical properties of biological tissues. In the present study, we 
obtained N IR-DR spectra from the back skin of hairless lTIICe and denuded skin of 
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vanous thicknesses to demonstrate the usefulness of the NIR-DR method In 
non-invasive measurement of skin thickness. 
EXPERIMENTAL 
Materials and methods 
Preparation of skin thickening model 
Skin can be thickened by UV irradiation. I I We used this method to prepare a 
skin thickening model. Five-week-old female albino hairless mice (Hr-l) were 
obtained from Hoshino (Ibaraki, ] apan). Animals were acclimatized for one week prior 
to invasive and non-invasive skin thickness measurements. Mice were divided into two 
groups; the UV-irradiated group (24 mice), and the non-irradiated group (37 mice) 
(Table 1). Irradiated animals were exposed to UV radiation (UVB dose, 50 m] per cm2, 
as measured by the UVB probe of a radiometer ( Topcon, Tokyo, ] apan) from a bank of 
four Toshiba SE lamps without any filtering, placed 40 cm above the back of each 
animal. In the non-irradiated group, skin thickness was measured at 6, 10, 14, 16, 27 
and 48 weeks after birth. 
NIR DR measurement 
NIR-DR spectra in the 8000 - 4000 cm- I (1250-2500 nm) region were acquired 
from the skin samples at an 8 cm- I spectral resolution with a FT -NIR spectrometer 
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("IFS28/N", Bruker Optics, Ettlingen, Germany) by placing a fiber optic probe on the 
back or denuded skin of each animal. To ensure sufficient signal-to-noise ratio 32 
scans were performed. 
Data Analysis 
Measured NIR-DR spectra were imported into Pirouette (version 3.11; 
Infometrix, Bothell, W A, USA) for data analysis. Because sample collection was 
difficult, the predictive performance of calibration models was estimated using the 
cross-validation procedure leaving 6 samples out as the test set each time .. 
Pretreatment of original NIR-DR spectra was performed using mean centering (Me), 
standard normal variate (SNV), and first derivative or second-derivative analysis. 
Measurements of epidermal and dermal thickness by optical microscopy 
Skin sections from the thickening model were denuded. Sections were fixed in 
10% buffered formalin, processed in paraffin wax and stained using the standard 
hematoxylin and eosin method. 11 Dermal and epidermal thickness was measured by 
optical microscopy. 
RESULTS AND DISCUSSION 
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Optical microscopy of skin tissues denuded from the backs of UV -irradiated 
and non-irradiated mice was used to obtain reference data. Figure I (a) and (b) show 
representative images for UV -irradiated and non-irradiated skin tissue samples, 
respectively. These samples were prepared using a well-established method. II As 
shown in Figure 1, skin thickness increases markedly with UV irradiation. The optical 
microscope method is very useful for accurately determining dermal and epidermal 
thickness. However, this method is time-consuming and destructive. 
Figure 2 (a), (b) and (c) illustrate the effects of aging and UV light irradiation 
on thickness of the epidermis, dermis and whole skin, as measured by optical 
mIcroscopy, on the backs of UV light-irradiated and non-irradiated mIce. Marked 
Increases In thickness were observed for both the epidermis and dermis on the 
UV -irradiated group, while no significant variations in skin thickness were observed 
for the non-irradiated group. Table 2 summarizes the variations in skin thickness used 
as reference data for NIR-DR measurement. 
Figure 3 (a) and (b) respectively show original NIR-DR and second derivative 
spectra in the 8000-4000 cm -I region for the backs of UV -irradiated and non-irradiated 
mice aged from 5 to 48 weeks. The spectra in Figure 3 indicate significant 
non-linearity, as water in the 5100 cm- I regIon should have an absorbance more than 
three times greater than in the 6950 cm- I regIon. It IS difficult to detect spectral 
changes caused by physiological aging and UV irradiation with naked eye. Two very 
150/175 
broad features in the regions of 7200-6200 cm -1 and 5400-4800 cm -1 in the spectra in 
Figure 3 are mainly due to water present in the skin tissues. The main water-containing 
components in the epidermis and dermis are keratin, collagen and lipids, and collagen 
(ca. 70%) and lipids, respectively. Bands due to amide groups appear mainly in the 
6950-6000 and 5250-4600 cm -I regions,13 but these bands are hidden by the strong 
water bands. Weak features observed in the 6000-5500 cm- 1 and 4600-4000 cm- 1 arise 
from the first overtones and combination modes of CH 3, CH 2 and CH vibrations In 
proteins and Ii pids. 
Figure 4 depicts a Factor 2-Factor 3 score plot generated by PCA using the 
5990 - 5490 cm- 1 and 5000 - 4480 cm- 1 regions of the NIR-DR spectra for the back skin 
of UV -irradiated and non-irradiated hairless mice. These regions were used in our 
previous studies on skin aging. 1 0, 12 Figure 4 clearly shows that PC 2 and PC 3 reflect 
physiological aging and the effects of UV irradiation, respectively. The results in 
Figure 4 demonstrate that the NIR-DR spectra can detect variations caused by 
physiological aging and UV irradiation (photoaging). PC 3 appears to play an 
important role in estimating skin thickness. Figure 5 shows loading plots of PC 2 and 
PC 3 for the PCA shown in Figure 4, respectively. Peaks near 5930, 4880 and 4590 
cm-
1 
are assigned to proteins, and those near 5860, 5790 and 5670 cm- 1 are due to 
1· 'd 13 - 14 Ipi S. 
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In order to predict epidermal thickness, we carried out PLSR of dermis and 
whole skin the NIR data In the whole spectral region and the 6939-5990 cm- I and 
5242-4609 cm -1 regions. Table 3 summanzes the cross-validation results for both 
the skin of backs and denuded skin. It has been shown that the CONH and CONH2 
groups are strongly correlated with skin thickness. Thus, we selected the 6939-5990 
cm- 1 and 5242-4609 cm- 1 regions which contain bands due to the CONH and CONH2 
groups. 15 Figure 6 (a), (b), and (c) illustrate PLSR calibration models for predicting 
the thickness of epidermis, dermis and whole skin of the back skin of UV -irradiated 
and non-irradiated hairless mice, respectively. Epidermis, dermis and whole skin gave 
R2cvvalues above 0.72. It was found that the combination of the 6939-5990 cm- 1 and 
5242-4609 cm- l yields better results than the whole region in terms of R 2 cv and SECV. 
Thus, the present results demonstrate that the NIR-DR method is very useful for the 
non-invasive evaluation of dermal and epidermal thickness. 
Figure 7 shows loading plots in the 6939-5990 cm- 1 and 5242-4609 cm- l of 
Factor 1 and Factor 2 for the calibration models shown in Figure 6. The loading plots 
are significantly different between the epidermal thickness and dermal thickness data 
shown in the dotted circle regions (Fig.7). The peaks yielding differences are due to 
the CONH and CONH2 groups present in proteins (collagen and keratin). The peak at 
4880 cm- J is ascribed to the amide bands of proteins. IS A major component in dermis is 
collagen, while epidermis contains significant amounts of keratin. Collagen and 
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keratin have different secondary structures, 3-helix and a-helix, respectively, resulting 
in amide bands at different positions. It is very likely that these differences in protein 
components between epidermis and dermis lead to differences in loading plots. 
CONCLUSION 
In this paper, we propose a novel non-InvaSIve method for estimating skin 
thickness based on NIR-DR measurement and PLSR. NIR-DR spectra were measured 
in the back skin of UV -irradiated and non-irradiated hairless mice using an optical 
fiber probe. PLSR was applied to the NIR-DR data to develop calibration models that 
predict the thickness of the epidermis, that of the dermis, and that of whole skin. A 
combination of the 6939-5990 cm- 1 and 5242-4609 cm- 1 regions was found to give the 
best calibration models. 
In conclusion, the present study revealed that N IR-DR spectroscopy holds 
considerable promIse as a non-InvasIve method for evaluating skin thickness. Skin 
thickness is affected by physiological aging and photoaging. 
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FIGURE CAPTIONS 
Fig. I. Hematoxylin Eosin (HE) stained skin section of back. (a) Skin of 
UV -irradiated mouse; (b) skin of non UV -irradiated mouse. 
Fig. 2. Thickness of epidermis (a), dermis (b), and whole skin (c) measured by optical 
microscopy for backs of UV light-irradiated and non-irradiated mice. 
Fig. 3. Original spectra (a) and second derivatives (b) NIR-DR in the 8000-4000 cm- 1 
region of the backs of UV light-irradiated and non-irradiated mice. 
Fig. 4. PC 2-PC 3 score plot of PCA developed using the 5990-5490 cm- 1 and 
5000-4480 cm- l regions of the NIR-DR spectra of the denuded skin of the photoaging 
and chronological aging models. Photo aging model (L::i: 2-wk irradiation (8-wk-old), 
.. : 4-wk (I O-wk-old), : 8-wk (14-wk-old), .: 10-wk (16-wk-old)), chronological 
aging model (-: 6-wk-old, x: 10-wk-old, +: 14-wk-old, 0: 16-wk-old, +: 27-wk-old) 
Fig. 5. Loading plots of PC2 and PC3 for the score plot in Fig 6. 0: PC2, ... : PC3. 
Fig. 6. Scatter plot of PLS calibration for predicting epidermal, dermal, and whole skin 
thickness. *Units: Jlm 
Fig. 7. PC Loading plots for PCI and PC2 (absolute values). 
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Tables 
Table 1: Distribution of albino hairless mice (Hos: HR-I , female) 
Age in week 6 8 10 14 16 27 48 
UVB Irradiated group 0=6 n=6 0=6 0=6 
Non-irradiated group 0=6 0=6 0=6 n=6 n=6 n=7 
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Table 2: The ranges of skin thickness (11m) of mice used in the calibration model. 
The range of epidermal The range of dermal The range of total 
thickness thickness thickness 
13~71 88~266 I03~332 
159/175 
Table 3: Summary of coefficients of determination (R 2 cv) uSIng a 2-factor 
calibration model for skin thickness. Spectra were pretreated using Me, SNV 
and 2 nd D. 
epidennal dennal epidennal 2 
and dennal R cv thickness thickness 
thickness 
6939-5990& 
-1 0.77 0.72 0.79 5242-4609cm 
-1 8000-4000cm 0.71 0.66 0.72 
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Figures 
.......... 
Figure 1: Hematoxylin Eosin (HE) stained skin section of back. 
(a) : Skin of UV-irradiated mouse 
(b) : skin of non UV-irradiated mouse 
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Figure 2: Thickness of epidermis (a), dermis (b), and whole skin (c) measured by 
optical microscopy for backs of UV light-irradiated ( . ) and non-irradiated (. ) mice. 
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Figure 4: PC 2-PC 3 score plot of PCA developed using the 5990-5490 cm- I and 
5000-4480 cm- I regions of the NIR-DR spectra of the denuded skin of the photo aging 
and chronological aging models. Photo aging model (~: 2-wk irradiation (8-wk-old), 
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(1) 山JI [弓香，宮前裕太“近赤外分光法によるヒト毛髪物性値の予測jぺ第 19
[IiJ非破壊計測シンポジウム 2003年 11月 12日-14日
(2) 山JI [づ香，宮前裕太“近赤外分光法によるヒト毛髪物性値の評価ヘ第 65
!日i分析化学討論会ラ 2004年 5月 15日ラ 16日
(3 )山JlI弓存， 尾崎幸洋ラ“近赤外分光法による毛髪ダメージ度の評
佃iぺ第 20同非破壊計測シンポジウムラ 2004年 11月 24日ω26日
(4) 山川!っ香， 真理絵ラ 土尾 1長子ラ宮前裕太ラ尾崎幸洋f皮膚二老化の近
赤外分光法による評価ぺ第 21同近赤外フォーラムラ 2005年 11月 9[J-ll日
(5)岸真理絵ラ山 J1 弓杏， 屋 )1原子今日前俗太ラ尼崎幸洋f近赤外分光法
1711175 
を用いた皮膚厚測定の開発ぺ第 21回近赤外フォーラムラ 2005年 11月 9日山11日
(6) M. Kawabata， Y. YamakawaラJ.Tsutiya， Y. Mivama~， and Y. Ozaki， '"A N ovel 
Non-Invasive Method for Assessing Interior Skin Damage Caused by Aging and 
Photoaging'¥IFSCC Congress in Osak九 2006ラ 10/16-19
(7)山JlI弓香，岸 埋絵，宮前裕太，尾崎幸洋Jら紫外線ダメージによる皮 ?、? ? ??
分の特性把握ぺ第 22回近赤外フォーラムラ 2006年 11月 7EJ -9口
(8)岸真理絵，山)1 "7香， 屋'1原子，宮前俗太尾崎幸洋 u非侵襲による光老化
と生理老化の皮膚内部ダメージの新評価法"第 22同近赤外フォーラムラ 2006
11月 7日 9日
(9) Y. Yamakawa，M. Kawabata， J.Tsutiya， Y. Mivama~， and Y. Ozakiラ"Near Infrared 
Spectroscopy Based Novel Non-Invasive Evaluation Method for Interior Skin Damage 
Caused by Aging and Photoaging'¥Japan叩KoreaJoint Symposium on Near Infrared 
Spectroscopyラ 2006ラ 6/28-30
(10) M. KawabataラY.Yamakawa， J.TsutiyaラY.MivamacラandY. Ozakiラ“Development
of Skin Thickness Measurement with N ear Infrared SpectroscopyぺJapan-KoreaJoint 
Symposium on N ear Infrared Spectroscopyラ 2006，6/28-30 
(11 )山川弓香， 真理絵，土足 JI原子，宵前裕太尼崎幸洋“近赤外分光法による
皮膚老化度の非侵襲評価ヘ第 67回分析化学討論会， 2006年 5月 13日ラ 14日
( 12) 山川弓香， 真埋絵，土屋 1民子，宮前裕太尾崎幸洋“近赤外光による皮膚
の生埋老化と光J老化度合いの非侵襲評価竹第 10 O [Pl Ff本皮膚科学会総
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2006年 6月 2f3-4日
(13)岸真理絵，山川弓香，土屋/11長子，古前硲太，尾崎幸洋f近赤外分光法を用い
た新規皮膚厚計iRlJ法門第 10 o四日本皮膚科学会総会 2006年 6月 2日-4[1 
(14 ) 理絵，山)1[弓呑， 順子，宮前裕太尾崎幸洋 "NIR法による顔面
皮膚老化評価法の開発ヘ第 23同近赤外フォーラムラ 2007年 1 月 7f]-9 [J 
Patent: 
(1)宮前裕太，松本岡IJ，"毛髪の状態の鑑別法ぺ 2002年
(2)宮前裕太う山川弓香f生体構成部位の物埋的強度の測定法ぺ 2003年
(3 )宮前裕太，山川弓香う川畑真理絵ラ土屋"'員子ラ“皮膚性状の鑑別法ラ 2003年
(4)宮前裕太，山)1づ香ラ)1畑真理絵，土屋 1頃子fコラーゲンの定量法¥2003
(5)宮前裕太，山)11弓香ラ川畑真理絵ラ土屋JI原子Jコラーゲンの存配量の定量法ぺ
2003年
(6)宮前裕太ラ山川iづ喬〆近赤外吸収スペクトル測定用プローブペ 2004年
(ブ)宮前裕太ラ山)1弓香f毛髪による個人識別/認証の鑑別法ぺ 2004年
(8)宮前裕太ラ山川弓香，川畑呉t里絵ラ土屋順子Jら近赤外を用いた皮膚評価法ぺ
2005年
(9)宮前裕太ラ山川づ香ラ川畑真理絵ラ土尾'"民子"近赤外を肝いた皮膚厚測定法ぺ
2005 
(10)宮前硲太ラ山)11IC3存ラ )11畑真理絵，土屋J!I員子f紫外線による損傷および生煙
1731175 
的老化の判定15法ヘ 2005年
(11)宮前裕太，山)1/弓香ラ川畑真男絵ラ“皮膚の厚さの鑑別法ぺ 2006年(韓国、ア
メリカ国際特許)
Award Record: 
(1) Best Poster Award 
Y. Yamakawa，M. KawabataラJ.Tsutiya， Y. MivamacラandY. Ozaki，“N ear lnfrared 
Spectroscopy Based Novel NOIトlnvasiveEvaluation Method for lnterior Skin Damage 
Caused by Aging and PhotoagingぺJapan-Korea J oint Symposium on N ear lnfrared 
Spectroscopy， 2006ラ 6/28-30
(2) Best Poster Award 
理絵，山川弓香，土屋JI原子，宮前裕太尾崎幸洋“NIR法による顔面皮膚老
化評価法の開発刊第 23同近赤外フォーラム 2007年 1 月 7日 9EI 
(3) N IR閑Advanced-Award
Y. Mivama仁川TheDevelopment of N on-Invasive Methods for Assessing Skin andHair 
Damages on N ear司 lnfraredDiffuse Reflectance SpectroscopyぺTheFirst Asian NIR 
Symposiumラ 2008 11月 10日目14日
(4) 2009年 日本化粧品技術者 優秀論文賞
Y. Mivamacラ Y.Yamakawa and Y. Ozaki "近赤外分光法を用いた毛 面と内部の
損傷状態の非破壊評価法の開発竹 J.Soc.Cosmet.Chem.Japan，2007ラ 41ラ l
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(5)2011年 日本化粧品技術者会 優秀論文
M. Kawabata， Y. Yamakawa， 1.Tsutiya，-'y. Mivama~， and Y. Ozakiラ
生理老化と光老化の皮膚内部ダメージの新評価円 J.Soc. Cosmet. Chem.1 apanラ 2009ラ
43ラ 26-35
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